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 Fungicide use in corn has increased since the mid-2000s. Researchers and chemical 
companies have long stressed the importance of coverage when making a foliar fungicide 
application. There is very limited information, however, about how important coverage is for 
disease management and yield response to fungicides. Farmers need more information regarding 
which application technique, aerial or a traditional ground sprayer, provides the best fungicide 
coverage. The effect of fungicide application methods on coverage, disease management, and 
yield were tested during 2017 and 2018 in Iowa. Four on-farm trials were conducted in Ames 
and Nevada in 2017, and Ames and Kelley in 2018. Also, five small plot trials were established 
in Ames, Kanawha, and Sutherland in 2017, and Kanawha and Sutherland in 2018. Three 
application methods were compared: aerial, traditional ground application, and a newly available 
360 Yield Undercover. The latter is a ground unit that has three sprayer nozzles, one spraying 
directly up, and the other two spraying to the sides in a fan pattern. A premix of pyraclostrobin + 
metconazole was applied at 730 mL/ha to the corn canopy at the silking stage for all application 
methods. Fungicide coverage was measured using water sensitive spray cards and the tracer dye 
pyrenetetrasulfonic acid (PTSA). Foliar diseases data were collected from R4 to R6 as percent 
leaf area covered by disease lesions on lower canopy, ear leaf, and upper canopy leaves. PTSA 
dye results showed similar coverage for traditional and undercover applications in both on-farm 
and small plots trials. Both ground-based methods had greater coverage compared to aerial 
applications in on-farm trials. There were few significant differences between ground-based 
application methods for small plot and on-farm trials in coverage throughout the canopy. Major 
foliar diseases during 2017 and 2018 were anthracnose leaf blight, common rust, southern rust, 
gray leaf spot, and northern corn leaf blight. Disease management for all application methods 




Despite this reduction in disease severity by the fungicides, yield was only positively impacted at 
one site-year, across all on-farm and small plot trials.  
 Kernels were collected multiple times during grain filling to determine if fungicide 
treatment impacted the rate or duration of dry matter accumulation and the moisture percentage 
at physiological maturity (PM). The fungicide application did influence the effective fill period 
and moisture at physiological maturity at the Nevada 2017 location. Fungicide-treated plants had 
a longer duration of grainfill, accumulating dry matter an additional 105 growing degree days. 
Moisture at physiological maturity was also impacted. Kernels in the no-spray plots reached 
maximum kernel weight at 35% moisture, while kernels on the fungicide treated plants reached 
maximum kernel weight at 32%. Kernel from fungicide treated plots weighed 8.3% more than 
the kernels from the no-spray plots (P = 0.001). The rate and duration of grainfill and the 
moisture percentage at PM was similar for the fungicide-treated plants and the no spray control 
plants in the Ames 2017 and Kelley 2018 trials. 
 The results of this research could inform corn farmers how fungicide application methods 






CHAPTER 1. GENERAL INTRODUCTION 
Dissertation organization. 
 This dissertation is divided into four chapters. The first chapter provides a literature 
review with background information on the subject and a justification for the research. The 
second chapter gives details on a field study comparing the impact of fungicide coverage applied 
to corn using different methods on disease severity and yield protection. The third chapter 
reports on a study that examines how fungicides affect the effective grain fill period and dry 




 Corn production. Corn (Zea mays L.) is one of the most important grains produced in 
the world. The grain is an excellent source of carbohydrates,  iron, vitamin B, and thiamin 
(Grains & Legumes Nutrition Council, 2020). Corn has a wide variety of end use products such 
as food for human consumption, feed for livestock, sweeteners, corn oil, beverage and industrial 
alcohol, ethanol, and distillers dried grains with solubles, which are by-products of both the dry-
milling and wet-milling methods of producing ethanol (USDA, 2020a). The United States (U.S.) 
is the largest producer of corn, and produced nearly 350 million metric tons valued at over $51 
billion USD in 2019 (USDA, 2020b). Iowa has produced the most corn for the last 26 
consecutive years and 41 of the last 42 years. In 2019, Iowa produced an estimated 65.5 million 




 Foliar diseases in corn. Foliar fungal diseases of corn caused an estimated 3.6 percent 
yield loss between 2012 and 2018 in the U.S. and Ontario (Mueller et al., 2016; Mueller et al., 
2017., Mueller et al., 2018). The average loss due to disease in the U.S. and Ontario, Canada 
between 2012 and 2018 was just over 13.6 million metric tons (Crop Protection Network, 2020). 
Common fungal diseases in corn include anthracnose leaf blight (Colletotrichum graminicola 
Ces.), common rust (Puccinia sorghi Schw.), southern rust (Puccinia polysora Underw.), gray 
leaf spot (Cercospora zeae-maydis Tehon & Daniels), and northern corn leaf blight 
(Setosphaeria turcica Luttrell). Infection and colonization of the leaf tissue by these pathogens 
result in lesions that interfere with photosynthesis, thus reducing the amount of photosynthates 
available to the developing grain and other sinks such as the stalk and roots. Many of these 
pathogens overwinter in residues from a previously infested crop (Munkvold and White, 2016) 
and serve as a sufficient source of primary inoculum for the upcoming growing season. This  
increases the chances of infection and subsequent disease development if the environment is 
conducive for the development of the pathogen. Other crop management practices such as 
reduced tillage, increased corn-following-corn acres, and hybrid selection can impact disease 
severity (Mueller et al., 2013). Knowing the disease cycle of a particular pathogen and the 
weather conditions that favor disease development can help determine the optimal approach to 
best manage a disease. Use of foliar applied fungicides can be an effective means of managing 
foliar corn diseases (Wise and Mueller, 2011).   
 Fungicide use in corn production. Several factors have contributed to the increased use 
of foliar fungicide since the mid-2000s (Wise et al., 2019). For example, surface residue 
resulting from reduced tillage or increased corn residue from a corn-following-corn situation can 




dwelling spores onto the next crop (Mueller et al., 2013). This increases the chance of disease 
development and warrants the need for a fungicide application to limit the spread. Farmers often 
select “racehorse” hybrids that have the potential for greater yield under favorable conditions. 
They might yield less, however, than hybrids with greater disease resistance or tolerance to 
environmental stresses (Brown and Rant, 2013). A fitness cost for yield has been associated with 
the disease resistance (Tollenaar and Lee, 2002). Marketing tactics of chemical companies that 
claim fungicide applications will improve corn growth even when disease pressure is minimal 
also contribute to the increase in fungicide use. Farmers are also more aware of corn diseases and 
yield loss associated in high severity situations. 
 Fungicides used to control ear rots. Fungicides reduced certain ear rot diseases caused 
by Fusarium graminearum Schwabe, F. proliferatum Matsushima, and Aspergillus flavus Link: 
Fr. (Masiello et al., 2019). However, fungicides did not reduce Diplodia ear rot in the field (Luna 
and Wise, 2015). Gibberella ear rot, caused by F. graminearum, initiates when the fungus infects 
corn ears via the silks during pollination (Christensen and Schneider, 1950; Reid et al., 1992; 
Warfield and Davis, 1996). Thus, fungicide applications around the R1 stage, when the silks are 
present, may be evaluated for ear rot management (Anderson, et al., 2017; Masiello et al., 2019; 
Luna and Wise, 2015). 
 Fungicide mode of action. Fungicides inhibit fungal growth by interfering with specific 
biochemical processes such as damaging cell membranes, inactivating critical enzymes or 
proteins, and interfering with energy production (Mueller et al., 2013). Fungicides thus are 
classified according to their mode of action on these biochemical processes. Current products 
commonly used in commercial corn production belong to one of three fungicide modes of action: 




inhibitors (SBIs), formerly the demethylation inhibitors (DMIs) which include the triazoles, and 
3) succinate dehydrogenase inhibitors (SDHIs) (Mueller et al., 2013).  
 The QoI fungicides belong to group 11 according to the Fungicide Resistance Action 
Committee (FRAC) and are the most commonly used fungicides. QoIs have broad spectrum 
activity and are effective against ascomycetes, basidiomycetes, deuteromycetes, and oomycetes 
(Bartlett et al., 2002). QoI fungicides are synthetic analogues of a naturally occurring compound 
produced by a wood rotting fungus and act on the quinone “outer” binding site of the cytochrome 
bc1 complex (complex III in the mitochondrial electron transport chain). When an inhibitor binds 
to this complex, it blocks electron transfer between cytochrome b and cytochrome c1 and thus 
stops cellular respiration and prevents ATP formation (Bartlett et al., 2002). None of the QoIs are 
phloem mobile, but they are all considered to have varying levels of translaminar movement 
(Bartlett et al., 2002). Furthermore, QoI fungicides differ in their redistribution within the plant 
depending on the active ingredient. For example, azoxystrobin and picoxystrobin have xylem 
systemic properties, whereas trifloxystrobin and pyraclostrobin do not (Bartlett et al., 2002).  
 The QoI fungicides are considered a “high risk” class of fungicides for pathogen 
resistance because of their single site of activity. Three mutations, specifically amino acid 
substitutions, have been reported in the cytochrome b gene of plant pathogens with resistance to 
QoIs. These are the G143A mutation that leads to an amino acid substitution of glycine with 
alanine at position 143 of the cytochrome b protein, the F129L mutation that results in an amino 
acid change from phenylalanine to leucine, and the G137R mutation where the amino acid 
changes from glycine to arginine (Leadbeater, 2012).  
 The SBIs are comprised of four groups of fungicides; all inhibit target enzymes within 




triazoles and belong to the mode of action group 3 (FRAC, 2020). Sterols are required for the 
growth and reproduction of eukaryotic organisms. Ergosterol is the major sterol in fungi and is a 
main component of the plasma membrane essential for the development of functional cell walls. 
DMI fungicides inhibit fungi by binding to the heme iron of CYP51, the 14-alpha demethylase 
enzyme, which catalyzes the third step in ergosterol biosynthesis (Hulvey et al., 2012). Most 
DMI fungicides have broad spectrum activity and systemic properties, penetrating the plant 
cuticle and subsequently being translocated (Tsuda et al., 2004b). DMI fungicides are typically 
more systemic than QoI or SDHI fungicides (Tsuda et al., 2004a). The DMI fungicides can 
provide protection when applied 24 to 72 hours after infection, commonly termed early infection 
capability.  
 The risk of resistance to DMI fungicides is considered moderate. The pattern of triazole 
resistance resembles a quantitative or continuous type of resistance, controlled by several genes 
(Henry and Trivellas, 1989). Multiple mutations need to accumulate in a fungus before a large 
enough reduction in sensitivity to the DMI fungicide under field conditions may be observed. 
This is often referred to as a slow, step-wise erosion of efficacy (De Waard and Van Nistelrooy, 
1990).  
 The SDHI fungicides inhibit cellular respiration and belong to FRAC code 7. Their target 
enzyme is succinate dehydrogenase (SDH), which converts succinate to fumarate in the 
tricarboxylic cycle (Krebs cycle). Its four subunits, A,B,C, and D convey electrons transferred to 
FAD during the reaction through complex II of the mitochondrial respiration chain. The 
fungicide interferes with ubiquinone reduction, the terminal electron acceptor in complex II.  
Because this reaction is dependent upon electrons generated by succinate oxidation, the 




dehydrogenase is the only enzyme that is a component of both the tricarboxylic acid cycle and 
the electron transport chain (Huang and Millar, 2013). SDH catalyzes the oxidation of succinate 
to fumarate in the mitochondria matrix and transfers electrons to ubiquinone without pumping 
protons across the mitochondrial inner membrane (Huang and Millar, 2013). SDHI fungicides 
are derived from a diverse range of chemistry and, depending on the host and pathogen, have 
protectant, translaminar or systemic activity (McKay et al., 2011). SDHI fungicides have broad 
spectrum activity, similar to the QoI fungicides (Sierotzki and Scalliet, 2013).  
 The risk of resistance to SDHI fungicides is considered moderate to high based primarily 
on single-site mutations of the gene encoding the target succinate dehydrogenase (SDH) enzyme 
(McKay et al., 2011). SDH consists of four subunits, A, B, C, and D. The binding site of the 
SDHIs (the ubiquinone binding site) is formed by the subunits B, C, and D (Burchett and 
Burchett, 2018). Several mutations in one of the three subunits (B, C, or D) of the SDH complex 
are associated with resistance (Avenot et al., 2008; Broomfield and Hargreaves, 1992). 
 Movement of fungicides in plants. For an agrochemical compound to systemically 
move within a plant, its physiochemical properties must enable some or all of the following 
processes: solubilization, leaf uptake/penetration, translaminar movement, xylem redistribution, 
and/or phloem trapping and redistribution (Zhange et al., 2018). Translocation of chemicals 
within a plant is correlated with lipophilicity (logP) (Briggs et al., 1982; Hsu et al., 1995; Zhange 
et al., 2018), which is the ability of an organic compound to dissolve in fats, oils, lipids, and non-
polar solvents. The greater the logP, the less movement within the leaf. This important 
physiochemical property affects the bioavailability of agrochemical compounds (Zhange et al., 
2018). The concentration of the active ingredient within the spray droplets at application may 




Linscott (1991) reported an increase in percentage uptake of glyphosate as glyphosate 
concentration increased. Prior research on other pesticides has shown that absorption is greater 
from concentrated droplets than from more dilute droplets, which may be attributed to a stronger 
concentration gradient from the droplets to the living cell (Al-Khatib et al., 1994). 
 Fungicide application methods. Fungicides are usually applied to row crops by airplane 
or ground based sprayer. The airplane is equipped with a bar underneath the wings with nozzles 
attached to the bar, whereas the ground sprayer has a boom equipped with nozzles that extends 
from the machine. The optimal timing for a fungicide application on corn is at the VT (tassel) 
growth stage (Wise et al., 2019). As such, aerial application is the preferred method due to the 
height of the corn plants at tassel. High clearance ground sprayers are now being manufactured 
by companies such as Hagie manufacturing (Clarion, IA), Oxbo International (Byron, NY), and 
Miller (St. Nazianz, WI). These sprayers include under frame covers, wheel covers, crop 
dividers, and a narrow leg design, that allow farmers to make fungicide applications in tall corn 
with reduced crop damage. The ability to drive through taller corn has opened opportunities for 
new sprayer technology to apply fungicides, nutrients, and other pesticides late in the growing 
season. Recently, 360 Yield (Morton, IL) has marketed the 360 Undercover sprayer that can 
increase fungicide coverage in the middle of the canopy with the focus on protecting the earleaf. 
The undercover units are suspended from the toolbar attached to the ground sprayer. Additional 
details of these three fungicide application methods are explained below. 
 Aerial application. Airplanes used for aerial applications are equipped with a boom and 
nozzles across its wingspan. Spray coverage is influenced by many factors such as model and 
wingspan of the aircraft, speed, the skill of the operator flying the aircraft, nozzle number and 




such as the American Society of Agricultural Engineers (ASAE) help ensure safe and efficient 
pesticide applications. For example, the Pesticide Environmental Stewardship (PES) 
recommends: a) the boom width not to exceed 75% of the wingspan, b) speed to be adjusted to 
reduce tail dragging, drift, and droplet shatter, c) nozzles and pressure be adjusted according to 
manufacturer’s recommendations, d) application height adjustment, and e) to pay close attention 
to the environment and surroundings (PES, 2020). Because of limitations in the amount of carrier 
(water) that can be loaded on an airplane for a fungicide application, aerial applicators usually 
target a rate of 18.7 to 28.1 L/ha (2 to 3 gal/ac) of water carrier in addition to the labeled rate of 
fungicide, which can vary depending on the product.  
 Ground application. Self-propelled ground sprayers apply fungicides straight down onto 
the top of the crop canopy from the boom. There are differences among ground sprayers, such as 
boom width, clearance height, operator, speed at application, nozzle number on the boom, and 
nozzle type that dictate the materials and methods used by the applicator. Factors that can 
influence the efficacy of the pesticide application when using a traditional ground sprayer 
include type of pesticide being applied, pesticide formulation, droplet size, drift retardants, 
weather factors such as temperature inversions, wind speed, air temperature and humidity, nozzle 
selections, spray height, spray pressure, and sprayer speed (Ferrell and Fishel, 2019). For 
fungicide applications at VT, a rate of 94 to 187 L/ha (10 to 20 gal/ac) of water is recommended 
as a carrier in addition to the fungicide.  
 360 Undercover application. This applicator is a traditional ground sprayer equipped 
with 360 Yield Undercover units suspended from the boom, and thus hang within the crop 
canopy 10 to 20 cm above the ear leaf. Each undercover unit has three sprayer nozzles, one 




the canopy with nozzles over each row is used in combination with the 360 Undercover units and 
sprays directly on top of the plants to insure coverage of the entire upper corn canopy. 
 Measuring fungicide coverage. Water sensitive spray detection cards (WSC) that 
become stained when exposed to water are widely used to study pesticide spray patterns (Witton 
et al., 2018). They are easy to use and provide immediate visual indication of coverage in 
pesticide application studies. These cards are typically 26 x 76 mm and attached to plant leaves 
using a paperclip or tape. The yellow coating on the WSC turns blue with water exposure. 
Various computer programs and phone apps can scan and read the color change. These programs 
provide information on the volume median diameter (VMD) of each stain and the percent of the 
stained area using a previously determined droplet spread factor (Halley et al., 2008). Examples 
of computer programs include WRK DropletScan (Devore Systems, Inc., Kansas State 
University), and DepositScan (USDA, Wooster, OH). Examples of apps include SnapCard, 
developed by The University of Western Australia and the Department of Agriculture and Food, 
Western Australia, and DropLeaf Deposition Analysis, developed at the University of Sao Paulo, 
Brazil.  
 There are several assumptions using spray cards to measure the volume of the spray 
deposited on the card. These include 1) droplet stains are approximately round, 2) multiple 
droplet stains do not converge to be interpreted as a single drop (Halley et al., 2008); and 3) high 
humidity or mist will not make stains detectable by the program/scanner (Salyani et al., 2013). 
Scanner resolution and random locations of spots on the WSC can also negatively affect the 
accuracy of the imaging program, with accuracy decreasing as spots get smaller (Salyani et al., 
2013). For example, a spot with a coverage area smaller than one-pixel could be reported as 




2013). In addition, WSC deposits produced by higher volume applications showed a weak 
correlation between area coverage and spray deposition, leading to the possibility that WSC may 
not provide accurate information for assessing the amount of spray deposition in high volume 
scenarios. Thus, Salyani et al. (2013) suggested WSC have limitations when trying to measure 
very low and very high coverage.  
 Tracer dyes have been used to quantify spray deposition on soil (Barber and Parkin, 
2003), crops (Briand et al., 2002), workers and applicators (Fishel, 2012), and to measure spray 
drift (Bui et al., 1998; Hoffmann et al., 2014). Fluorescent tracer dyes are highly sensitive, 
rapidly quantifiable, soluble in spray mixtures, low cost, have low toxicity, and have distinct 
properties that differ from background substances (Schleier et al., 2010). Pyrenetetrasulfonic acid 
(PTSA) tracer dye is readily available, inexpensive, and extremely water soluble (Hoffmann et 
al., 2014). PTSA is highly detectable by fluorometry down to 0.1 parts per billion in solution and 
insensitive to pH and temperature changes (Hoffmann et al., 2014; Turner Designs, 2013). 
Consequently, it is easier for users to compare data under varying conditions with less risk of 
data variability and corruption. A mixture of distilled water and a 10% isopropyl alcohol solution 
are effective solvents of PTSA and can be used for recovery of the tracer dye from agricultural 
sprays (Hoffmann et al., 2014).  
 Although fluorescent tracer dyes are commonly used in research, there are factors that 
limit the accuracy of the data. Most fluorescent dyes are photosensitive and degrade when 
exposed to solar radiation (Cai and Stark, 1997; Cross et al., 1997; Goering and Butler, 1974; 
Salyani, 1993), moreover the rate of degradation in sunlight can vary with the type of fluorescent 
substance used (Cai and Stark, 1997; Hoffmann et al., 2014; Pergher, 2001). PTSA is fairly 




(Hoffmann et al., 2014). Other factors that affect the data captured to analyze fluorescent tracer 
dyes include the quality of the wash solution used to dissolve the dye (Zhu et al., 2005). 
Furthermore, contaminants in the solution could impact the solution pH, which can impact the 
behavior of some fluorescent substances. (Zhu et al., 2005). Despite some of the drawbacks of 
using a fluorescent tracer dye, PTSA has many positive attributes and is considered a reliable and 
effective method to capture distribution spray deposition data.  
 Efficacy of fungicide applications. The use of fungicides on corn has changed in the 
past decade. Many farmers now apply fungicides for purported physiological benefits, even in 
the absence of disease where a fungicide application may not be warranted (Wise and Mueller, 
2011). This is particularly the case for the QoI fungicides. This change has led to some 
inconsistent yield results and scenarios where a farmer might not see a return on investment 
(ROI). Wise and Mueller (2011) reported when fungicides containing a QoI were applied 
between VT and R2, 80% had a 6 bu/acre or greater positive yield response. However, a positive 
ROI occurred only 55% of the time.   
 The level of disease, timing of the fungicide application, disease persistence  after the 
application can impact the yield response. Data representing 53 treatment comparisons from 
2006 to 2010 in Nebraska in the presence of relatively high disease, showed roughly 90% of 
fungicide treatments resulted in a positive yield increase, with a high frequency of yield 
responses above 403 kg/ha compared to the non-sprayed control (Wise and Mueller, 2011). A 
meta-analysis reviewing yield responses from a fungicide application showed that fungicide gave 
a positive yield response 68.2% of the time, compared to the non-treated control (Wise et al., 
2019). Moreover, an application at VT resulted in a greater yield response than an application at 




response (Wise et al., 2019). The average yield response from the fungicide application in the 
meta-analysis was 332.9 ± 29.1 kg/ha compared to the non-sprayed control (Wise et al., 2019).   
 Physiological benefits of fungicides. Fungicides are reported to have physiological 
impacts on the plant that change the metabolism and growth (Kohle et al., 2003). These benefits 
include increased nitrogen assimilation, hormonal effects, increased antioxidant production, and 
decreased ethylene biosynthesis through the reduction in the synthesis of 1-aminocyclopropane-
1-carboxylic acid (ACC) (Venancio et al., 2003). Fungicides may also delay senescence (Kohle 
et al., 2003), which is sometimes referred to as the “stay-green effect” (Byamukama, et al., 
2013). In 2009, BASF (Research Triangle Park, NC) received approval from the EPA to add a 
“plant health label” for their fungicide, pyraclostrobin (Headline®). Since then, other fungicide 
companies have marketed their fungicides for improved plant health.  
 QoI fungicides keep plants greener for a longer period of time and slow the plants natural 
senescence, a characteristic known as “stay green.” Senescence is the process of plant aging and 
death during which metabolic processes slow down and eventually stop. During this process, 
levels of superoxide (O.2) increase and superoxide dismutase (SOD) activity decreases (Wu and 
Tiedemann, 2001). Environmental stresses stimulate the formation of radicals, especially of 
reactive oxygen forms, and increase the potential for oxidative damage in plant tissue (Venancio 
et al., 2003). Plants naturally respond to oxidative stress by increasing the activity of 
antioxidative enzymes such as SOD, catalases, and peroxidases (Venancio et al., 2003). Levels 
of hydrogen peroxide (H2O2) increase in QoI- and DMI-treated plants; H2O2 plays a key role as a 
second messenger in inducing the expression of antioxidant genes (Wu and Tiedemann, 2001). 
QoI fungicides also may inhibit the biosynthesis of ethylene by reducing the synthesis of 1-




hormone that is produced in all parts of the plant and increases during leaf abscission and fruit 
ripening (Venancio et al., 2003). Any type of lesion also can induce the biosynthesis of ethylene, 
including physiological stress caused by inundation, cooling, diseases, temperature or water 
stress (Taiz and Zeiger, 2004). 
 It has been hypothesized that fungicides can extend the effective grain filling period in 
corn by promoting “stay-green,” whereby more leaves remain greener as the plant reaches 
physiological maturity (Byamukama et al., 2013). This hypothesis suggests that leaves remaining 
green later into grainfill enable photosynthesis to continue, thereby producing more assimilate to 
support the developing grain resulting in greater yields. Byamukama et al., (2013) reported that 
an application of pyraclostrobin at VT did not extend the period of grainfill, but did contribute to 
the stay-green effect.  
 There are three phases to seed development: the lag phase, the effective grain-filling 
period, and the maturation drying phase (Bewley and Black, 1985). The lag phase is a period of 
active cellular division and differentiation and is characterized by a rapid increase in water 
content. The effective grain filling period is a time of rapid dry matter accumulation resulting in 
the deposition of seed reserves (Borrás and Westgate, 2005). Mature kernel mass is determined 
by the rate and duration of kernel growth (Poneleit and Egli, 1979). At R6, physiological 
maturity, kernels have maximum dry matter, and kernel moisture is approximately 35% 
moisture. (Abendroth et al., 2011). Following physiological maturity an abscission layer, referred 
to as a black layer and comprised of accumulated carbon forms at the base of the kernel, 
eliminating further dry matter accumulation into the kernel (Abendroth et al., 2011). 
Consequently, assimilates produced due to the stay-green effect would not contribute to yield 





 Foliar diseases in corn can severely impact crop production and yield (Mueller et al., 
2013). There are a wide range of factors that affect the decision to apply a fungicide, such as 
hybrid selection, crop rotation, environment, field history, market price, and application method. 
Currently, there is poor understanding of the impact of fungicide coverage on disease 
management and yield response. Adequate carrier volume is considered a primary requirement to 
maximize coverage of the crop by a fungicide, especially as the canopy becomes denser (Mueller 
et al., 2013). Reducing carrier volume, however, may reduce application cost, minimize losses 
from canopy run-off, lessen soil contamination (Menechini et al., 2017), and increase the 
fungicide concentration of the drops on the leaves (Juliatti et al., 2013). The relationship of 
fungicide application methods and yield has not been consistent among studies. Menechini et al., 
(2017) showed no significant differences in disease control and yield response between aerial 
and ground applications. In contrast, Costa and Boller (2008) reported greater yield with aerial 
application than via a ground sprayer; sprayer wheel track damage was suggested to be 
responsible for the comparatively lower yield. The release of the 360 Yields Undercover sprayer 
has raised additional questions about the importance of coverage of fungicides; specifically, can 
improved coverage lead to reduced disease and/or greater yield responses?  
 To understand any potential yield increases due to a fungicide application, knowledge of 
the impact on the rate and duration of dry matter accumulation during grainfill is required, even 
when disease levels are low. The goal of this research was to identify relationships between 
fungicide spray coverage with disease severity and yield. Three fungicide application 
technologies were compared using water sensitive spray cards and tracer dye. Also, the potential 




technologies were evaluated. Finally, comparisons between kernel development on fungicide 
treated plants and control plants were made to determine if fungicides impacted grainfill by 
increasing the rate or duration of dry matter accumulation, and/or by extending the time to 
physiological maturity, thereby lengthening the grainfill period. 
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CHAPTER 2. COMPARISON OF AERIAL AND GROUND SPRAYER FUNGICIDE 
APPLICATION TECHNOLOGIES ON CANOPY COVERAGE, DISEASE SEVERITY, AND 
YIELD OF CORN 
  
Abstract. Fungicides may be applied to corn using an airplane or a ground sprayer. Questions 
regarding which technology is better at coverage throughout the corn canopy are common among 
farmers and agronomists. The objectives of this study were to compare the efficacy of three 
application technologies in terms of canopy coverage, foliar disease management, lodging and 
yield response. A fungicide was applied to corn at silking (R1) by airplane, a traditional ground 
sprayer with an overhead spray boom, or a ground sprayer with 360 Undercover sprayers that 
hang down into the canopy. Replicated on-farm and small-plot trials were conducted across Iowa 
in 2017 and 2018 for a total of nine site-years. Fungicide coverage was measured as ppm of 
pyrenetetrasulfonic acid (PTSA) dye detected on corn leaves, percent coverage of water sensitive 
spray cards, and percent of total application received. Foliar disease data were collected in three 
zones of the canopy: the upper canopy (UC), the ear leaf (EL), and the lower canopy (LC). 
Coverage and disease severity were correlated with yield. In the 2017 on-farm trials, all three 
application methods delivered similar fungicide coverage on the EL and LC. In 2018, traditional 
and undercover methods provided greater coverage when compared to aerial application, 
however, fungicide distribution within the canopy was similar among the application methods. 
Overall trends indicated the traditional spray method delivered the best coverage to the UC. The 
aerial spray method delivered the least coverage to the EL and LC for three site-years. The 
undercover spray method resulted in greater coverage to the LC. Foliar fungicides applied by all 
three application methods significantly reduced foliar disease severity, and fungicide application 




reduced approximately 50 to 75% by all application methods. For 8 of 9 site years, fungicide 
application did not affect yield significantly (P < 0.05), although less yield consistently was 
recorded in the non-sprayed controls. Our findings indicate these three application technologies 
were similarly effective in reducing plant disease levels and lodging. But the reduction in disease 
in response to fungicide application did not affect corn yield.  
 
Introduction 
 Foliar fungicide applications to U.S. field corn acreage increased from 8% in 2010 to 
17% in 2018, when an estimated 15.1 million acres received a fungicide application (USDA, 
2011, 2019). Prior to 2000, fungicides were limited to seed corn production to manage foliar 
diseases (USDA, 2001). A fungicide application at tasseling (VT) containing using aerial 
application or a ground sprayer cost between $30 to 80/ha in 2018, which averages to 
approximately $336 million USD spent on fungicide applications on corn (Wise et al., 2019). 
Foliar fungicides are a key management option for mitigating yield losses from foliar diseases, 
and application methods may affect the return on investment (ROI) of disease management. 
 The increase in the use of fungicides to manage corn disease can be attributed to a 
number of factors. Earlier planting dates, narrow row spacing and higher plant populations alter 
the microclimate within the canopy, which may promote fungal disease and contributed to 
greater use of fungicides on field corn (Mueller et al., 2013). More fungal inoculum persisting on 
residue in corn-following-corn and reduced- or no-till practices also contribute to incidence of 
disease (Mueller et al., 2013). Additionally, marketing claims of plant health and physiological 




increased use of fungicides. A physiological response to fungicide commonly observed is “stay 
green” where more of the plant canopy remains green at the end of grainfill. Other physiological 
effects associated with fungicide applications include increased nitrogen assimilation, hormonal 
effects, increased antioxidant production, decreased ethylene biosynthesis, and delayed 
senescence (Kohle et al., 2003).   
 Foliar fungal corn diseases caused an estimated 3.6% loss of the total bushels produced 
between 2012 and 2018 in the U.S. and Ontario (Mueller et al., 2016; Mueller et al., 2017., 
Mueller et al., 2018). The average loss to disease in the U.S. and Ontario, Canada between 2012 
and 2018 was just over 14.8 million metric tons (Crop Protection Network, 2020). Fungicide 
products are mixed in a volume of water per acre, referred to as the carrier, and the volume of 
carrier used can affect coverage of the canopy of the crop. Differences in volume among 
different application methods used to apply fungicides to corn leave questions regarding the 
coverage achieved with each method and, consequently, the effectiveness of each method.  
 The relationship of fungicide application method, carrier volume, and subsequent 
coverage in relation to yield has not been consistent among studies. For example, Batzer et al 
(2013) showed fungicide efficacy for controlling sooty blotch and flyspeck (SBFS) on apples 
improved with increased carrier volume. In cotton, better control of target spot was attained 
using drop nozzles than the traditional over the top broadcast nozzle arrangement, and was 
attributed to improved coverage of the leaves in the lower and mid canopy (Hagan et al., 2017). 
Better control of dollar spot in bentgrass using a fungicide was achieved with improved coverage 
(Vincelli and Dixon, 2007). In corn, Menechini et al. (2017) showed no significant differences in 
corn disease control and yield response between aerial and ground applications. In contrast, 




wheel track damage was suggested to be responsible for the comparatively lower yield. The 
recent introduction of 360Yield Center Undercover sprayers (Morton, IL) that increase coverage 
of a fungicide within the crop canopy has raised further questions regarding the importance of 
coverage.   
  The goal of this experiment was to compare fungicide application methods (airplane, 
traditional ground, and undercover application) and determine potential differences that may 
exist in canopy coverage, foliar disease management, lodging, and yield response of corn.  
 
Materials and methods 
 Field trials were conducted in large plot settings in commercial production fields (on-
farm field trials) and in small plot settings at university research and demonstration farms (small 
plot trials). On-farm field trials were conducted two locations in central Iowa in 2017 and one 
location in 2018 (Table 1). The experimental design was a strip plot with four replications. 
Replicated strips were 12 rows spaced 76 cm apart and 0.80 to 1.21 km long with a seeding rate 
of 84,000 plants/ha. There were four treatments: 1) fungicide applied with a traditional ground 
sprayer, 2) fungicide applied with a 360 Undercover sprayer, 3) fungicide applied with an aerial 
application, and 4) a no-spray control. These treatments will be referred to as “traditional”, 
“undercover”, “aerial”, and “control”, respectively. The traditional application used a HagieTM 
STS12 with an 18.3 meter boom and XR TeeJet 11003 nozzles (Wheaton, IL) spaced 38 cm 
apart at a target height of 30 to 60 cm above the canopy. The fungicide was applied with 187.1 
L/ha of water at 400 kPa, and the sprayer maintained speed between 11.3 and 14.5 km/h. For the 




apart and suspended in the canopy 10 to 20 cm above the ear leaf. Each undercover unit had 
three sprayer nozzles, one spraying directly up, and the other two spraying to the sides in a fan 
pattern. In addition to the undercover units, this application method also had a boom above the 
canopy with XR TeeJet 11002 nozzles spaced 76 cm apart. The fungicide was applied in a total 
volume of 187.1 L/ha of water at 207 kPa. The aircraft used for this trial was equipped with 25 
CP-03 poly aerial nozzles (CP Products, Transland manufacturers, Wichita Falls, TX) spaced 30 
cm apart and applied fungicide with 21 L/ha of water at 276 kPa. The aircraft had a target swath 
of 16.8 m and flew approximately 202 km/h, at a target height of 1.5 m above the crop canopy. 
In all methods, pyraclostrobin + metconazole (Headline AMP®, BASF Corp., Research Triangle 
Park, NC) was applied at the recommended rate (730 mL active ingredient/ha) with a non-ionic 
surfactant (292 mL/ha) for all treatments. 
 Small plot trials were established at Iowa State University Research farms to compare: 1) 
an early traditional application, 2)  an early undercover application, 3) a late traditional 
application, 4) a late undercover application and 5) a no-spray control. The “early” and “late” 
applications were at R1 silking and R2 blister in 2017, and V16 and R1 in 2018, respectively 
(Abendroth et al., 2011). In 2017, trials were conducted at the Northwest Research Farm 
(NWRF), the Northern Research Farm (NRF) and the Agricultural Engineering and Agronomy 
Research Farm (AEAF) in central Iowa (Table 1). In 2018, trials were done at the NRF and 
AEAF farms, for a total of five site years. These trials were set up in a randomized complete 
block design with six replications. Plot size was 6 rows spaced 76 cm apart and 15 m long. Corn 
was planted at a seeding rate ranging from 81,600 to 84,000 plants/ha. The AEAF and NWRF 
farms used custom built high-clearance sprayers, and a Hagie 8540 sprayer was used at the NRF. 




traditional method, and XR TeeJet 11002 nozzles for the undercover method. Pyraclostrobin + 
metconazole (Headline AMP®, BASF, Research Triangle, NC) was applied at 730 mL active 
ingredient/ha along with a non-ionic surfactant applied at 292 mL/ha for all treatments. Corn 
hybrids and other information are provided in Table 1. 
 Fungicide coverage. Two methods were used to measure fungicide coverage within the 
corn canopy. The tracer dye, pyrenetetrasulfonic acid (PTSA; 114 g/ha), was added to the 
fungicide suspension prior to application to measure coverage of the fungicide in three zones of 
the canopy: 1) upper canopy (UC) designated as three leaves above the ear leaf, 2) ear leaf (EL), 
and 3) lower canopy (LC) designated two leaves below the ear leaf. Immediately after the 
fungicide application, one leaf from each of the UC, EL, and LC was arbitrarily pulled from 2 
plants within each replication and placed into a plastic bag containing 40 mL of a 10% v/v 
isopropyl mixture. The plastic bag containing the leaf was agitated for 30 s making sure the dye 
on the entire leaf surface came in contact with the 10% isopropyl alcohol mixture. Four mL of 
solution was transferred from the bag to a plastic cuvette that inserted into a Trilogy fluorometer 
(Turner Designs, San Jose, CA) to measure the PTSA dye in parts per million (ppm). Direct 
concentration mode was used for calibration, measuring fluorescent dye with a wavelength of 
860 nm and a range of up to 500 parts per billion down to 0.02 parts per billion. Since different 
amounts of carrier were used between the aerial and ground application methods, the PTSA dye 
recovered from each management zone was converted to a percentage of the total dye recovered 
from the UC, EL, and LC for each method. This calculation allowed a better comparison of the 




dye measured within each zone into a percentage, the total ppm measured from the UC, EL, and 
LC was calculated, and the ppm from each zone was divided by the total ppm and multiplied by 
100. 
 Spray cards. Fungicide coverage was also measured using 7.6 x 12.7 cm water sensitive 
spray cards (Sprayer Systems Company, Wheaton, IL). The cards are yellow and turn blue when 
exposed to moisture. The on-farm trials had two cards placed on a leaf, one on the topside and 
one of the bottom side of the leaf, in each of the UC, EL, and LC zones. In 2017, one set of spray 
cards on one plant were placed in each strip. In 2018, two sets of cards, one set on each of two 
plants, were placed in each strip. The small plots had six cards total per plot, with two cards total 
on the UC, EL, and LC leaves. Similar to the on-farm trials, the two cards in each zone were 
positioned on the upper and lower side of the leaf. Immediately after the application, spray cards 
were collected, and an image of the spray card was taken. DepositScan (USDA-ARS Application 
Technology Research Unit in Wooster, Ohio) was used to calculate the percentage area covered 
by spots (Zhu et al., 2011). To convert the coverage measured within each zone into a 
percentage, the total coverage in each zone was calculated and then divided by the total coverage 
of the canopy.  
 Disease severity. Disease was assessed every two to three weeks beginning at 
approximately the R3 growth stage until the plants reached R6 (physiological maturity) and 
began to senesce (Abendroth et al., 2011). For all trials, disease was visually assessed on three 
arbitrarily selected leaves within the UC, EL, and LC zones from each plot. Disease severity was 
based on the percent of the leaf covered by disease lesions. In addition, each disease present was 
noted and the number of lesions per leaf of each disease was counted. For on-farm trials, disease 




each approximately 30 m from the previous assessments. Disease ratings were taken on two 
plants in each small plot in 2017. These ratings started 3 m from the border with the second 
ratings 3 m from the previous. In 2018, disease ratings were taken on three plants per plot, 
starting 3 m from the border and the next two were 3 m apart. Ratings were taken by the same 
two people across all locations for both years. Disease severity levels were discussed and 
compared prior to data recording.   
 Lodging. A “push test” (Jackson-Ziems et al., 2014) was done immediately before 
harvest of the on-farm trials to determine the percentage of plants susceptible to lodging; 100 
consecutive plants were pushed in each strip. The first push test occurred 60 m from the end 
rows with two subsequent ratings each occurring 180 m from the previous rating. Data from each 
test were compared using SAS to compare treatment means. In the small plot trials, ten 
consecutive plants in one of the middle rows of each plot and 2 m from the plot edge were 
pushed. For the small plot push test technicians from the farm locations followed protocols and 
performed the push tests. For the on-farm push test the same two people performed the test for 
all locations across both years.  
 Data analysis. A mixed model analysis of variance was performed for coverage, disease 
severity ratings, and yield using Proc GLIMMIX (version 9.4 SAS Institute Inc., Cary, North 
Carolina). Treatment (application methods) was considered a fixed effect and replication was 
defined as a random effect factor. All small plot and on-farm field trials were analyzed separately 
due to different hybrids, planting populations, and environmental conditions at each location. 
Fisher’s protected LSD was used to separate treatment means at an alpha (α) level of 0.05 when 






 Fungicide coverage.  Percent canopy coverage gleaned from the spray cards and PTSA 
dye methods were highly variable, but trends in coverage for the three fungicide application 
methods were apparent (Table 2 and 3). Across the six site-years of testing, the data generally 
indicate the traditional spray method delivered the best coverage to the UC, and the undercover 
spray method provided greater coverage of the LC. The aerial spray method delivered the least 
coverage to the EL and LC in three of the six site-years.   
 On-farm trials. Similar amounts of PTSA tracer dye on the EL and LC of corn plants for 
all three fungicide application methods were detected in the Nevada 2017 trial, indicating 
coverage did not differ among the application methods (Table 2). Greater amounts of PTSA were 
detected in the UC with the traditional application compared to the aerial application (P = 0.067; 
Table 2). No data from the Ames 2017 trial are presented due to an error in data collection.  
 In the Ames 2018 trial, the amount of PTSA detected in the UC differed (P = 0.003) 
among the three application methods. The greatest amount of PTSA was detected with the 
traditional application method, followed by the undercover application method, while the aerial 
application method had the least amount of PTSA detected and therefore the least coverage of 
the UC (Table 2). PTSA amounts on the EL and LC were lowest with the aerial application (P = 
0.010, 0.032, respectively), and were similar for the traditional and undercover application 
method. A greater percentage of the total PTSA recovered from was detected in the UC with the 
aerial and traditional application methods, while the undercover method had the greater 
percentage of total PTSA detected on the EL compared to the traditional and aerial application 




 Spray card data for Nevada 2017, showed both ground application methods resulted in 
greater coverage at all canopy levels than the aerial method, evidenced by a greater percent of 
the area of the spray cards colored blue (indicating water droplet contact) (Table 3). Similar 
coverage was detected by cards placed in the UC and LC of the traditional and undercover 
application methods, whereas the undercover application method had a greater percent coverage 
on cards placed on the EL compared to the traditional application method (P = 0.010). In Ames 
2018, no differences in percent of total coverage was detected among application methods (Table 
3). At Kelley 2018, a greater percent of total coverage occurred on the EL in the undercover 
application method compared to the aerial and traditional application methods. 
 Small plot trials. Traditional and undercover applications were made at two growth 
stages each year. ANOVA indicated no significant difference in coverage between growth 
stages, so these data were combined for comparison across treatments, locations, and years. The 
PTSA dye method indicated few differences in fungicide coverage among the application 
methods in 2017 (Table 2). At AEAF 2017, greater coverage (more PTSA) was detected on the 
EL with the undercover application method compared to the traditional application method (P = 
0.023), while no difference in coverage was detected in the UC and LC (Table 2). Coverage data 
from the NWRF 2017 were not obtained. 
 In NRF and NWRF 2018 trials, there were conflicting results regarding coverage 
between the fungicide application methods (Table 2). For example, at NRF, greater amounts of 
PTSA were detected in the UC using the traditional application method compared to the 
undercover method (P = 0.022); while no differences in coverage of the EL and the LC were 




detected on the EL and in the LC using the undercover application method while coverage in the 
UC was similar for both methods.  
 At AEAF 2017, spray cards indicated greater coverage in the UC and on the EL with the 
undercover application method compared to the traditional application method (P < 0.001, P = 
0.057, respectively). At NRF 2017, the undercover application method resulted in greater 
coverage on the EL and LC, indicated by more blue area on spray cards, compared to the 
traditional application method (Table 3). No difference was detected across canopy zones for 
both application methods in 2018, with a single exception at NWRF, where the undercover 
application method had more coverage in the EL than the traditional application method (Table 
4). 
 Foliar disease severity. Major foliar diseases detected in 2017 and 2018 were gray leaf 
spot, rusts, and northern corn leaf blight. In general, foliar fungicides applied with all application 
methods significantly reduced foliar disease severity in both the on-farm and small-plot trials, 
and fungicide application methods did not differ in efficacy of disease control.  
 On-farm trials. The percent of leaf area cover by foliar disease at R6 (final disease 
severity rating) at Ames 2017 ranged from 1.7 to 9.3% throughout the three zones of the canopy 
for all methods. All fungicide application methods had lower disease on the EL and LC when 
compared to the control, with the undercover application method having the lowest disease on 
the EL, and traditional and undercover methods having less disease than the aerial application 
methods in the LC (Table 4). Only the traditional method had lower disease than the control in 
the UC (P = 0.060). Disease severity in Nevada 2017 ranged from 1.3% (in the UC) to 12.7% (in 
the LC), but did not differ across methods. More disease was observed in Ames 2018, where 




treatments reduced disease in the UC and EL (P = 0.030 and 0.010, respectively) and no 
difference in disease severity occurred among treatments (Table 4). No disease was assessed in 
the LC due to early senescence. Final disease severity for the control strips at the Kelley 2018 
ranged from 15.0 to 20.0% (Table 4). Disease severity was less for all fungicide applications. 
The aerial and undercover application treatment strips had lower disease severity than the 
traditional application treatment (P < 0.001). Disease was significantly lowered in 7 of the 9 
locations, with only one location, the NRF in 2017, showing a positive response from the 
fungicide application when compared to the control.   
 Small plot trials. In 2017 disease severity on the EL in the control plots reached 7.7% at 
AEAF, 7.5% at NRF, and 7.0 at the NWRF. At AEAF, NRF, and NWRF 2017, disease severity 
across canopy zones in the undercover and traditional applications was less than the control (P < 
0.001, P = 0.016, and P < 0.001, respectively), except for the UC of the traditional treatment at 
NRF. There was no significant difference in the final disease severity between the early and late 
applications, so timings were combined when comparing fungicide application treatments (Table 
5). However, the early undercover applications had less disease on the EL and  LC compared to 
the late applications for NRF 2017 (P <0.001 and P = 0.004, respectively) and NWRF 2017 (P = 
0.004 and 0.012, respectively) (Table 5). Notably, at NWRF 2017, the undercover treatment was 
more effective at controlling disease in the LC and on the EL compared to the traditional 
application method (Table 5).  
 In 2018, disease severity on the EL in the control plots reached 13.3% at the NRF, and 
21% at the NWRF. Fungicide treatments at NRF 2018 did not result in disease control (no 
significant differences from no-spray controls), except for in the UC using the traditional 




There was no difference (P = 0.346) in disease observed at the early or late applications timings. 
At the NWRF 2018 there a reduction in disease in the UC, EL, and LC with both application 
treatments when compared to the control, and no differences between treatments (Table 5). The 
late application had less disease in the UC and EL than the early application (P = 0.027, 0.045, 
respectively). The timing of the fungicide application had no effect on disease in the lower 
canopy (Table 5). At all locations, disease severity exceeded 5% on the EL, where the chance of 
a positive benefit from the fungicide application is increased.  
 Lodging. In 7 of 8 trials where lodging was recorded the percent lodged exceeded 10-
15% where yield can potentially be impacted. For on-farm and small plot trials, lodging was 
reduced approximately 50 to 75% with all application methods. 
 On-farm trials. In Ames 2017, fungicide treatments did not affect lodging (P = 0.538). In 
Nevada 2017, 48% less plants lodged in the undercover application method compared to the 
control (P = 0.048), whereas similar lodging occurred in the aerial and tradition application 
methods and the no-spray control (Table 4). In Ames and Kelley 2018, fungicide application 
reduced lodging and the fungicide application methods were similarly effective in decreasing 
percent lodging.  
 Small plot trials. Lodging at the NRF and NWRF locations differed in 2017. Fungicides 
significantly reduced lodging with both application methods at the NWRF (P < 0.001), whereas 
neither methods had an impact on lodging at the NRF (P = 0.173). In 2018, lodging differed 
between application methods at the two locations, with reduced lodging in the undercover and 
traditional methods compared to the control at the NRF (P < 0.001). However, lodging in the 
undercover method at the NWRF was similar to the control, whereas the traditional application 




lodging at both locations; the early application had less lodging at the NRF (P = 0.043), while 
the late application timing at the NWRF had less lodging (P = 0.039). It is worth noting that the 
early application in 2017 and the late application in 2018 were both at silking R1. 
 Yield. Yield was similar across both years for the on-farm trials, ranging from 12,177 
kg/ha in the control at Ames in 2018, to 13,458 kg/ha at Ames in 2017, with the Nevada location 
in 2017 having greater average yield at 16,069 kg/ha. Small plots experienced more variation, 
with yields ranging from 8,223 kg/ha in the control at the NRF in 2018, to 15,128 kg/ha at 
AEAF. For 8 of 9 site years, fungicide application treatment did not affect yield. The lowest 
yields occurred in the no-spray control of the small plot trial at NRF 2017. Despite the fungicide 
treatment lowering disease there are reports of no yield response even when disease severity was 
greater than 15% (Mallowa et al., 2015). 
  On-farm trials. Differences in yield among fungicide treatment methods were not 
observed, except for Ames 2017 (Table 4). Yield of the no-spray control in Ames was greater 
than the yield of aerial and traditional spray treatments in 2017.  
 Small plot trials. At the NRF 2017, there was a positive yield response to the fungicide 
application. Yield was significantly greater with both application methods compared to the 
control (P = 0.012; Table 5); there was no advantage of the undercover or traditional application 
methods. For the other small plot trials in 2017 and 2018, yields were not affected either by 
fungicide application method or the timing of the application (Table 5).  
Discussion 
 Fungicide application method (aerial, traditional or undercover) did not affect yield of 




all treatment methods despite coverage and carrier volume was likely influenced by our choice of 
fungicide and its movement within the plant (Zhange et al., 2018). QoI fungicides each have very 
different physiochemical properties, which confer a wide range of biokinetic behaviors both 
inside the plant and around its external surfaces (Bartlett et al., 2002). The pre-mix used in this 
research contained the QoI pyraclostrobin and the DMI metconazole. Pyraclostrobin has one of 
the highest lipophilic ranges (i.e., ability of an organic compound to dissolve in fats, oils, lipids, 
and non-polar solvents) among QoIs and the least water soluble (water solubility ppm = <1) 
among fungicides (Zhange et al., 2018). A compound with a high logP value such as 
pyraclostrobin and metconazole may have increased the absorption into the cuticle and lipid 
bilayer of the plant cells. The increased absorption rate may have increased the concentration of 
the fungicide active ingredient within the leaf and extended residual due to the active ingredient 
being more lipophilic and less water soluble, causing the fungicide to move less within the leaf. 
Pyraclostrobin (Ammermann et al., 2000), kresoxim-methyl (Ammermann et al., 1992), and 
trifloxystrobin (Margot et al., 1998; Reuvini, 2001) have translaminar and locally systemic 
properties and are absorbed into the leaf. Thus, these fungicides can move short distances from 
the site of application (McGrath, 2004). Other QoIs, such as azoxystrobin and picoxystrobin are 
also xylem-systemic (Bartlett et al., 2002). Older fungicides such as the dithiocarbamates and 
phthalimides, copper, sulphur, and mercury are “non-systemic” or contact fungicides, that is they 
remain on the surface of the leaf, and can be toxic to plant cells under certain conditions. Foliar 
coverage is important for contact fungicides, because these fungicides are not absorbed into the 
leaf and any contact with a pathogen must be direct. Since QoIs and DMIs must be absorbed into 
the leaf tissue to be effective, we suggest canopy coverage may not be as important as when 




onto the leaf to allow for absorption. If so, using less carrier volume, while maintaining 
recommended active ingredient rates, can lead to equal disease control. Indeed, fungicide carrier 
volume used in our aerial applications was 8-fold less than that used in ground applications. Our 
data supported previous research that showed carrier volume as low as 7.5 L/ha achieved similar 
disease control as 150 L/ha (Menechini et al., 2017).  
 The PTSA dye and the wettable spray cards differed in evaluation of coverage detection. 
PTSA dye appeared more sensitive at detecting differences among application methods. 
Detection data using spray cards in a large field setting can be influenced by the position of the 
cards and plant architecture. Salyani et al. (2013) assessed spray distribution with water sensitive 
paper and concluded that very low and very high area coverage measurements were not accurate. 
Also, they found water sensitive paper may provide reasonably accurate estimates of area 
coverage, but could not be used to quantify the amount of spray deposits in most field 
applications. Recovery of PTSA from the corn canopy appeared consistent; and because samples 
were taken within 30 minutes of application, the PTSA dye did not start to degrade and had high 
recoverability off the leaf surfaces (Hoffman et al., 2014). This shows that increases in accuracy 
of quantitative measurements of fungicide coverage can be attained using PTSA dye compared 
to wettable spray cards.   
 In most cases, percent lodged plants was less in fungicide treated plots. Moreover, the 
least amount of lodging occurred when fungicide applications were made at R1 compared to 
those made at V16 or R2. This supports previous reports that foliar fungicides applied at silking 
improved stalk quality and reduce lodging (Robertson et al., 2020). Lodging is often the result of 
stalk rot. We did not assess stalk rot in this work and consequently we cannot comment if a 




 In eight of nine site years, we did not detect a positive effect of fungicide treatment on 
grain yield,  despite a significant reduction in disease severity. Usually fungicide applications 
result in more consistent yield gains when disease levels are greater than 5% (Wise and Mueller, 
2011). There are reports, however, of no yield response even when disease severity was greater 
than 15% (Mallowa et al., 2015). There are a few possible reasons for these differences. The 
greater levels of disease typically observed at the end of the growing season might not have as 
great an impact on yield formation as foliar diseases occurring earlier in the growing season 
(Mallowa et al., 2015; Wise et al., 2019). In this study, however, disease ratings were taken up to 
physiological maturity, with disease severity reaching above 5% on the EL by R5 or sooner at all 
locations. Hybrids with resistance to foliar diseases tolerate infection, have reduced disease 
severity and show minimal impact on grain fill and yield even when foliar symptoms are present 
(Wallhead, 2012). We found no difference between the large on-farm trials and small 
experimental plots in yield response to fungicide application. Others, however, have reported 
that small plots showed less of a yield response to a fungicide application because of reduced 
competition between plants and fewer surrounding plants near plot edges (Tedford et al. 2017). 
Tedford et al. (2017) believed that larger on-farm trials having more room for yield 
improvements in the middle of fields where there is more opportunity to mitigate stresses using 
QoI fungicides.  
 Overall, our results show that the traditional and aerial method of fungicide application 
delivered better coverage to the UC while the undercover application method provided better 
coverage of the EL and LC. As expected, aerial application delivered the lowest amount of 
PTSA (ppm) in all the canopy zones. Aerial application uses much less carrier volume to apply 




as effective as a ground-based sprayer for disease management. Because QoI fungicides must 
enter the plant to be effective, this result suggests aerial application delivers a comparable 
amount of active ingredient into the canopy as traditional and undercover sprayers. Juliatti et al. 
(2013) suggested equally effective disease control could be achieved with lower volumes of 
carrier because the concentration of active ingredient within the spray droplet was increased, and 
thus better absorption of the product occurred compared to higher volumes of carrier with more 
dilute concentrations of active ingredient. 
 The pyraclostrobin + metconazole fungicide used in our trials ranks high in the lipophilic 
range for QoIs, with a very low water solubility rating. LogP greater than 2.9 show greater 
uptake and limited or no systemic movement (Zhange et al., 2018). We speculate these 
characteristics could positively affect residual (i.e., extended control of target pest past 
application timing) because of the increased absorption and the limited movement within the 
leaf, leading to the active ingredient remaining at the point of absorption for a longer period of 
time. Understanding how fungicide movement affects disease management could determine the 
best methods to maximize fungicide absorption at different concentrations and help applications 
be more effective and efficient with more hectares covered with a single spray tank.  
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 Table 1. Trial location, cultivars, and management practices for on-farm and small plot fungicide application trials in Iowa in 2017 
and 2018. 











On-farm 2017 Ames Wyffels 5448 May 5 Jul 23 Aug 21, Sep 4,16 
 
Oct 26 N, C, W, CS 
 
 
Nevada Pioneer 1197 Apr 27 Jul 24 Aug 21, Sep 4, 16 Nov 6 N, C, W, O 
 2018 Ames Dekalb 58-06 Apr 29 Jul 12 Aug 22, Sep 5 Oct 28 N, C, W 
 
 
Kelley Pioneer 1197 Apr 27 Jul 12 Aug 22, Sep 5 Nov 1 N, C, W, H 
Small plot 2017 AEAF  Pioneer 1197 Apr 26 July 25, Aug 10 Aug 24, Sep 13 Oct 24 N, CS 
 
 
NRF Dekalb 49-73 May 5 July 24, Aug 10 Aug 23, Sep 6 Oct 24 N, CS 
 
 
NWRF Pioneer 0157 May 13 July 24, Aug 10 Aug 23, Sep 6 Oct 26 G, S 
 2018 NRF Wyffels 4968 May 20 July 9, 24 Aug 23, Sep 9, 6 Nov 2 N, CS 
 
 
NWRF Pioneer 0157 May 7 July 9, 24 Aug 23, Sep 9, 6 Oct 7 G, S 
  
x Ames locations in on-farm trials for 2017 and 2018 represent the same field used. Agricultural Engineering and Agronomy Farm 
(AEAF) is located near Boone, IA; Northern Research Farm (NRF) is located near Kanawha, IA; Northwest Research Farm (NWRF) 
is located near Sutherland, IA. 






z Soil types represent by letters W= Webster, C= Clarion, N= Nicollet, H= Harps, CS= Cannisteo O= Okoboji, G= Galva, S= Sac. Soil 







Table 2. Fungicide coverage from three application techniques detected as quantity of pyrenetetrasulfonic acid (PTSA) on a leaf 
(ppm) sampled from different zones in the corn canopy and percent distribution of that coverage within the canopy for on-farm and 
small plot trials in 2017 and 2018 in Iowa. 
Trial type Year Locationw Treatmentx 
Coverage (PTSA ppm)y  Coverage (%)z 
UC EL LC 
Total 
PPM 
UC EL LC 
On-farm 2017 Nevada Aerial 0.04 b 0.03 a 0.02 a 0.09 44.0 33.3 22.2 
   Traditional 1.88 a 0.11 a 0.12 a 2.11 89.1   5.2   5.7 
   Undercover 0.75 ab 0.41 a 0.39 a 1.55 48.3 26.5 25.2 
   P > F 0.067 0.166 0.235     
 2018 Ames Aerial 0.23 c 0.05 b 0.09 b 0.37 62.2 13.5 24.3 
   Traditional 1.48 a 1.02 a 0.64 a 3.14 47.1 32.5 20.4 
   Undercover 0.91 b 1.41 a 0.56 a 2.88 31.6 49.0 19.4 
   P > F 0.003 0.010 0.032     
  Kelley Aerial 0.04 b 0.03 b 0.03 b 0.10 40.0 30.0 30.0 
   Traditional 0.91 a 0.65 a 0.33 ab 1.89 48.1 34.4 17.5 
   Undercover 0.88 a 0.71 a 0.62 a 2.21 39.8 32.1 28.1 
   P > F 0.04 0.001 0.01     
Small 
plot 
2017 AEAF  Traditional 1.25  0.67  0.37  2.29 54.6 29.2 16.2 
 
 
Undercover 1.35  1.13  0.30  2.78 48.6 40.6 10.8 
  
 
P > F 0.742 0.023 0.536     
  NRF Traditional 2.10  1.34  0.66  4.10 51.2 32.7 16.1 
  
 
Undercover 1.29  2.47  1.49  5.25 24.6 47.0 28.4 
  
 
P > F 0.114 0.024 0.104     
 2018 NRF Traditional 2.24  1.38  0.92  4.54 49.3 30.4 20.3 
   Undercover 0.90  1.02  0.94  2.86 31.5 35.7 32.8 
   P > F 0.022 0.314 0.950     
  NWRF Traditional 1.66  0.88  0.71  3.25 51.1 27.1 21.8 
   Undercover 2.02  1.98  1.62  5.62 35.9 35.2 28.9 







w Agricultural Engineering and Agronomy (AEAF) Farm is located near Boone, IA; Northern Research Farm (NRF) is located near 
Kanawha, IA; Northwest Research Farm (NWRF) is located near Sutherland, IA. Fungicide coverage was not collected from the 
Ames on-farm trial and NWRF small plots in 2017.  
x Fungicide (pyraclostrobin + metconazole, Headline AMP®) was applied at recommended rate (730 mL/ha) using traditional ground 
sprayer, aerial, and undercover nozzles fitted in the traditional ground sprayer. For on-farm trials, the ground sprayers were 
calibrated to spray 187 L/ha, while the airplane was calibrated to spray 21 L/ha. For small plots the traditional and undercover 
sprayers were calibrated to spray 187 L/ha. 
y Results in parts per million (ppm) of PTSA dye detected using a Trilogy fluorometer. Three zones include 3 leaves above the ear 
leaf (upper canopy, UC), the ear leaf (EL), and the 2 leaves below the ear leaf (lower canopy, LC). Means followed by the same 
letter within a column did not differ significantly at α = 0.05. Means were separated using Fisher’s protected least significant 
difference.  
 z Percentage of application volume for each management zone was calculated by adding the measured ppm from the UC, EL, and LC 








Table 3. Percent coloration of spray cards placed in different zones in the corn canopy and percent distribution of fungicide  






Coverage (% coloration 
of cardy) 
 Coverage (%)z 
UC EL LC Total UC EL LC 
On-farm 2017 Nevada Aerial 0.32 b 0.21 c 0.11 b   0.64 50.0 32.8 17.2  
 Traditional 7.08 a 5.25 b 5.42 a 17.75 39.9 29.6 30.5 
 
 
 Undercover 5.43 a 11.93 a 8.19 a 25.55 21.3 46.7 32.1 
   P > F 0.040 0.010 0.040     
 2018 Ames Aerial    0.13 a 0.30 a 0.17 a   0.60 21.7 50.0 28.3 
   Traditional   4.51 a 4.87 a 3.11 a 12.49 36.1 39.0 24.9 
   Undercover   2.05 a 5.60 a 5.73 a 13.83 15.3 41.9 42.8 
   P > F 0.290 0.280 0.110     
  Kelley Aerial   1.19 a 0.23 b 0.08 a   1.50 79.3 15.3 5.3 
   Traditional 11.69 a 3.93 b 3.42 a 19.05 61.4 20.6 18.0 
   Undercover 3.41 a 16.53 a 3.49 a 23.43 14.6 70.6 14.9 
   P > F 0.114 0.025 0.371     
Small-plot 2017 AEAF Traditional   7.22    5.36    .     .     .     .     . 
  Undercover 16.17  20.08    .     .     .     .     . 
   P > F <0.001 0.057   .     
  NRF Traditional 14.22  10.33  7.75  32.30 44.0 32.0 24.0 
   Undercover 12.49  25.60  26.72  64.81 19.3 39.5 41.2 
   P > F 0.713 0.003 0.044     
 2018 NRF Traditional 9.00  8.97  6.73  24.70 36.4 36.3 27.2 
   Undercover 8.90  14.54  10.41  33.85 26.3 43.0 30.8 
   P > F 0.975 0.350 0.132     
  NWRF Traditional 8.23  9.03  6.06  23.32 35.3 38.7 26.0 
   Undercover 13.98  22.97  6.91  43.86 31.9 52.4 15.8 







w Agricultural Engineering and Agronomy (AEAF) Farm is located near Boone, IA; Northern Research Farm (NRF) is located near 
Kanawha, IA; Northwest Research Farm (NWRF) is located near Sutherland, IA. Fungicide coverage was not collected from the 
Ames on-farm trial and NWRF small plots in 2017.  
x Fungicide (pyraclostrobin + metconazole, Headline AMP®) was applied at recommended dose using traditional ground sprayer, 
aerial, and undercover nozzles fitted in the traditional ground sprayer. For on-farm trials, the ground sprayers were calibrated to spray 
187 L/ha, while the airplane was calibrated to spray 21 L/ha. For small plots the traditional and undercover sprayers were calibrated 
to spray 187 L/ha. 
y Spray cards placed in three zones of the canopy and measured using DepositScan (USDA, Wooster, OH). Three zones include 3 
leaves above the ear leaf (upper canopy, UC), the ear leaf (EL), and the 2 leaves below the ear leaf (lower canopy, LC). Means 
followed by the same letter within a column did not differ significantly at α = 0.05. Means were separated using Fisher’s protected 
least significant difference.  








ppm per plant. The individual ppm from each zone was then divided by the total ppm and multiplied by 100. For the spray cards the 
percentage for each management zone was calculated by adding the measure percent of the spray card covered from the UC, EL, a     
LC zones to find the total percent of the spray card covered per plant. The individual percent from each zone was then divided by the 





able 4. Least square means of disease severity (%) recorded at R6 (physiological maturity), 
yield, and push tests from on-farm trials of fungicide application treatments conducted in Iowa in 
2017 and 2018. 
   Disease Severity (%)y  Yield Lodged 
Year Location Treatmentx   UC   EL   LC kg/ha plants (%)z 
2017 Ames Control   3.3 a   9.3 a   6.5 a 13,458 a   8.3 a 
 
 
Aerial   2.7 ab    5.0 b   4.7 b 12,742 c   6.3 a 
 
 
Traditional   1.7 b   2.3 bc   3.7 c 12,993 bc   6.3 a 
 
 
Undercover   2.3 ab   2.0 c   3.0 c 13,401 ab   6.3 a 
 
 
P > F   0.060   0.003   0.174 0.040   0.538 
 Nevada Control   4.0 a 12.0 a 12.7 a 16,069 a 14.0 a 
 
 
Aerial   3.3 a   9.0 a   7.3 a 16,697 a 13.0 a 
 
 
Traditional   1.3 a   4.3 a   7.7 a 16,320 a 12.7 a 
 
 
Undercover   1.3 a   6.7 a   7.3 a 16,006 a   7.3 b 
 
 
P > F   0.190   0.260   0.187 0.130   0.048 
2018 Ames Control 15.0 a 15.0 a . 12,177 a 21.3 a 
  Aerial   6.3 b   8.3 b . 12,429 a 14.7 ab 
  Traditional   8.0 b   9.0 b . 11,675 a   7.7 b 
  Undercover   7.3 b   6.7 b . 12,240 a   9.7 b 
  P > F   0.030   0.010 . 0.520   0.023 
 Kelley Control 16.7 a 15.0 a 20.0 a 13,307 a 19.0 a 
  Aerial   8.0 b   5.0 b   6.3 c 13,182 a   2.0 b 
  Traditional 11.7 ab   6.7 b   9.0 b 13,621 a   4.0 b 
  Undercover   6.7 b   3.3 b   5.0 c 13,433 a   3.0 b 






x Fungicide (pyraclostrobin + metconazole, Headline AMP®) was applied at recommended dose 
using traditional ground sprayer, aerial, and undercover nozzles fitted in the traditional ground 
sprayer. Timing was at R1 (silking) for all application methods.  
y Disease severity represents the total area of the leaf covered by foliar disease in a percentage. 
Major foliar diseases were gray leaf spot, rusts, and northern corn leaf blight. Three zones 
include the upper canopy (UC) which was represented by three leaves above the ear leaf, the ear 
leaf (EL), and the lower canopy (LC) which was represented by 2 leaves below the ear leaf. 
Means followed by the same letter within a column did not differ significantly at α = 0.05. 
Means were separated using Fisher’s protected least significant difference. . = data not recorded 
z Lodged plants were determined by performing a push test. One hundred plants in a row were 


















Table 5. Least square means of disease severity (%) recorded at R6 (physiological maturity) 
growth stage of corn in the three management zones within the canopy, percent  lodging and 
yield from small plot trials to which fungicide treatments were applied at different growth stages 




treatmentw   Timingx 




kg/ha UC EL LC 
2017 AEAF Control    2.8 a   7.7 a   7.7 a . 15,128 a 
 
 
Traditional    1.4 b   4.3 b   4.8 b . 15,441 a 
 
 
Undercover    1.2 b   3.8 b   4.6 b . 14,877 a 
   Early   1.8 a   4.9 a   5.7 a . 15,379 a 
   Late   1.8 a   5.2 a   5.7 a . 14,939 a 
 
 
P > F (treatment) 
P > F (timing) 
   <0.001  <0.001 <0.001 .   0.190 
 
 
   0.798   0.457   1.000 .   0.109 
 
 
P > F (treatment 
 timing) 
 
  0.935   0.781   0.905 .   0.500 
 NRF Control    3.3 a   7.5 a   7.5 a 16.7 a 13,433 b 
 
 
Traditional    2.9 ab   5.4 b   5.4 b 11.7 a 13,872 a 
 
 
Undercover    2.4 b   5.1 b   5.0 b 10.8 a 13,935 a 
 
 
 Early   2.8 a   4.8 a   5.4 a 13.9 a 13,935 a 
   Late   2.9 a   7.2 b   6.5 b 12.2 a 13,684 a 
 
 
P > F (treatment) 
P > F (timing) 
   0.016 <0.001 <0.001   0.146   0.016 
 
 
   0.645 <0.001   0.004   0.516   0.217 
 
 
P > F (treatment 
 timing) 
 
  0.503 <0.001   0.087   0.173   0.400 
 NWRF Control  2.8 a 7.0 a   7.3 a 30.0 a 14,751 a 
  Traditional  1.8 b 4.8 b   5.2 b 12.5 b 14,249 a 





   Early 2.11 a 4.5 a   5.1 a 17.2 a 14,500 a 
   Late 2.33 a 5.7 b   5.8 b 18.3 a 14,563 a 
  P > F (treatment)  <0.001 <0.001 <0.001 <0.001   0.569 
  P > F (timing)  0.070 0.004   0.012   0.747   0.887 
 
 
P > F (treatment 
 timing) 
 
0.043 0.012   0.091   0.974   0.340 
2018 NRF Control    7.5 a 13.3 a 35.0 a 38.3 a 8,223 a 
 
 
Traditional    3.7 b   9.4 a 29.1 a 12.5 b 9,290 a 
 
 
Undercover    6.4 ba 13.2 a 24.3 a 16.7 b 8,913 a 
   Early   5.3 a 11.8 a 32.5 a 19.4 b 8,788 a 
   Late   6.4 a 12.1 a 26.4 a 25.6 a 8,788 a 
  P > F (treatment)     0.045   0.190 <0.001 <0.001   0.180 
 
 
P > F (timing)    0.346   0.890   0.380   0.043   0.990 
 
 
P > F (treatment 
 timing) 
 
  0.361   0.990   0.830   0.049   0.960 
 NWRF Control  11.7 a 21.0 a 17.7 a 41.2 a 13,809 a 
 
 
Traditional    6.1 b   8.1 b 11.3 b 19.2 b 13,872 a 
 
 
Undercover    6.3 b   7.5 b 10.2 b 25.0 a 13,496 a 
 
 
 Early   8.9 a 13.5 a 13.1 a 34.4 a 13,747 a 
   Late   7.2 b 10.9 b 13.0 a 22.8 b 13,747 a 
 
 
P > F (treatment)   <0.001 <0.001   0.023   0.006   0.640 
 
 
P > F (timing)    0.027   0.045   0.980   0.039   0.940 
 
 
P > F (treatment 
 timing) 
 
  0.270   0.310   0.990   0.269   0.950 
 
v Agricultural Engineering and Agronomy (AEAF) Farm is located near Boone, IA; Northern 





w Fungicide (pyraclostrobin + metconazole, Headline AMP®) was applied at recommended dose 
using traditional ground sprayer, aerial, and undercover nozzles fitted in the traditional ground 
sprayer. 
x  Timing represents separate plots where traditional and undercover applications had the 
fungicide applied at different timings. In 2017 the “early” application was applied at silking 
(R1), and the “late” application was applied at blister (R2). In 2018 the “early” application was 
applied at V16, and the “late” application was applied at silking. 
y Disease severity represents the total area of the leaf covered by foliar disease in a percentage. 
Major foliar diseases were gray leaf spot, rusts, and northern corn leaf blight. Three zones 
include the upper canopy (UC) which was represented by three leaves above the ear leaf, the ear 
leaf (EL), and the lower canopy (LC) which was represented by 2 leaves below the ear leaf. 
Means followed by the same letter within a column did not differ significantly at α = 0.05. 
Means were separated using Fisher’s protected least significant difference.  
z For on-farm trials lodged plants were determined by pushing 100 plants. Lodging for small 






CHAPTER 3: THE EFFECT OF A FUNGICIDE APPLICATION ON DRY MATTER 
ACCUMULATION, THE EFFECTIVE FILL PERIOD, AND PHYSIOLOGICAL MATURITY 
IN CORN 
 
Abstract. In addition to the benefits for disease management, some farmers apply fungicides to 
corn to improve plant growth and yield. A fungicide application at VT/R1 could potentially 
increase kernel number per ear and final kernel weight by reducing stress caused by disease and 
subsequent photosynthesis impacts. To evaluate the impact of foliar fungicide application on the 
rate and duration of dry matter accumulation, and moisture percentage at physiological maturity, 
trials were conducted in two commercial fields in 2017 and one commercial field in 2018. A 
premix of a commercial formulation of pyraclostrobin + metconazole was applied at flowering 
and compared to untreated controls.  Accumulation of Fresh and dry weights of kernels sampled 
from the middle of the ear was recorded every 3 to 8 days from R4 (dough stage) until a black 
layer was visible at the base of all kernels. In one of the three site-years, The duration of dry 
matter accumulation during grainfill was extended in ears that received a fungicide application 
compared to the untreated control. Moreover, kernel moisture at physiological maturity was 
reduced compared to the control, which resulted in greater maximum kernel weight. These data 
suggest that fungicides may, under certain conditions, affect aspects of seed physiology and 
kernel development during the effective grainfill period.  
 
Introduction 
 Prior research in wheat has shown fungicides can increase the duration of the grain filling 
period (Dimmock and Gooding, 2002), while other research has shown that when fungicides 





from fungicides, specifically quinone outside inhibitor (QoI) fungicides, influence plant 
metabolism and growth (Kohle et al., 2003). These effects include increased nitrogen 
assimilation, hormonal effects, increased antioxidant production, and decreased ethylene 
biosynthesis (Venancio et al., 2003). QoI fungicides may also delay leaf senescence (Kohle et 
al., 2003), referred to as the “stay green effect” (Byamukama, et al., 2013). Stay green effects 
have been purported to extend grainfill, that is increase the duration of dry matter accumulation 
during the EFP in developing kernels. Independent of disease management, plant health claims 
were first included on the pyraclostrobin (Headline®, BASF, Research Triangle Park, NC) label 
in 2009. Fungicides are now marketed with plant health claims and sold to reduce stress and 
increase yields by extending grainfill. Although the stay green effect associated with QoI 
fungicides is presumed to extend the grainfill period, leading to increased yields, there is not a 
clear understanding of the meaning behind “extending grainfill,” or how fungicides impact dry 
matter accumulation or kernel weight. 
 Final grain yield is determined primarily by the number of harvested kernels per unit 
area, but variation in kernel weight does impact grain yield (Borrás et al., 2003).  The rate of dry 
matter accumulation and the effective grainfill period in corn (Zea mays L.) are important 
components of final kernel weight and yield.  Kernel biomass accumulation begins soon after 
fertilization. The process begins as the lag phase (i.e., formative period), followed by the 
effective grainfill phase, and ends with a transition to desiccation tolerance and physiological 
maturity (Bewley and Black, 1985). Final kernel weight is primarily achieved as the result of 
growth during the effective grain-filling phase (Maddonni et al., 1998). Mature kernel mass is 
determined by the rate and duration of kernel growth (Poneleit and Egli, 1979), which occurs 





sink capacity of a corn kernel is controlled by the number of endosperm cells and the number of 
starch granules within the developing endosperm (Sala et al., 2007). The rate of kernel dry matter 
accumulation depends on the number of starch granules available for assimilate deposition (Ober 
et al., 1991; Reddy and Daynard, 1983; Shannon, 1974). The potential for growth and 
achievement of maximal mature kernel mass is primarily determined by the number of 
endosperm cells and/or the number of starch granules established during the early stage of grain 
development (Jones et al., 1996). Prior work has shown that variation in kernel weight is 
achieved through different combinations of rate (mg °C d-1 per kernel) and duration (°Cd) of 
grain filling (Borrás et al., 2009). 
 Physiological maturity marks the end of dry matter accumulation and soon after a black 
layer forms at the base of the kernel, indicating the separation of the kernel from the supportive 
maternal structures. Kernel moisture decreases gradually as the kernels develop, and has been 
used for normalizing treatment effects on kernel development (Borrás and Westgate, 2006).  
Although corn kernels have been shown to reach moisture percentages ranging from 30 to 37.3 
(Carter and Poneleit, 1973), the most accurate method to determine physiological maturity is to 
monitor kernel dry matter accumulation after anthesis (Sala et al., 2007). When dry matter 
accumulation ceases, the kernel is physiologically mature.  
 There is limited specific evidence that fungicides result in greater yields due to effects on 
the grainfill period and dry matter accumulation. Byamukama et al. (2013) reported no effect on 
the duration of the grain fill period or dry matter accumulation in pyraclostrobin treated plots 
compared to the non-treated control. In their study, they compared day of year when kernel 
moisture content reached 35% (presumed day of physiological maturity) between treatments. 





weight) when they reach grain moisture values from 30 to 35% (Carter and Poneleit, 1973). 
Moreover Sala et al. (2007) showed that grain moisture values at maximum dry weight ranged 
between 34.7 and 37.3% among hybrids. It is possible that by using 35% kernel moisture to 
define physiological maturity, Byamukama et al. (2013) may have missed detecting an effect of 
pyraclostrobin on the grainfill period and dry matter accumulation. 
 Corn yield is highly correlated with kernel number per ear (Cirilo and Andrade, 1994; 
Otegui et al., 1995). Seed dry weight (mg per seed) (Borrás et al., 2004) and kernel size (volume 
within seed as determined by maximum water content) (Borrás et al., 2009) are also important 
contributors to seed yield. Although individual kernel weight is less variable than kernel number 
(Borrás et al., 2009), factors such as drought (Ouattar et al., 1987), foliar leaf diseases (Ward et 
al., 1999; Wegulo et al., 1988), assimilate availability during seed filling (Borrás et al., 2004), or 
temperature (Wilhelm et al., 1999) can limit kernel maximum weight (Borrás et al., 2009). These 
abiotic and biotic stresses impact the rate and duration of dry matter accumulation within the 
EFP, thus reducing kernel size by shortening EFP (Borrás et al., 2004; Egharevba et al., 1976; 
Jones and Simmons, 1983; Ouattar et al., 1987; Westgate 1994).  
 A decrease in photosynthesis can reduce photoassimilate production and thus yield (Petit 
et al., 2012). In addition, photosynthates produced from healthy leaf tissue adjacent to the distal 
edge of the infected area may be translocated into the lesion, reducing the pool of photosynthate 
availability for translocation to the grain (Levy and Leonard, 1990). For example, a sweet corn 
variety inoculated with Setosphaeria turcica (Luttr.), the northern corn leaf blight pathogen, had 
reduced photosynthetic efficiency in the necrotic leaf tissue and CO2 assimilation in the leaf 
tissue adjacent to the lesions (Levy and Leonard, 1990). Reducing photosynthates and impacting 





2003). To maximize kernel dry matter accumulation, protecting the green leaf tissue and 
mitigating stress during grainfill is important because assimilates come primarily from current 
photosynthesis as well as those stored temporarily in vegetative plant tissue (Badu-Apraku, et al., 
1983). Using a fungicide to reduce disease lesions can help maintain photosynthetically active 
green leaf area, increasing the pool of assimilate during grainfill.  
  Our objective was to determine whether  fungicide application could extend the duration 
of the grainfill period by maintaining assimilate supply during later stages of kernel development 
and maturation. Thus, we investigated the impact of a fungicide at the silking R1 stage on the 
rate and duration of kernel dry matter accumulation, and the moisture percentage at which kernel 
physiological maturity occurred.  
 
Materials and Methods 
 Experiments were conducted in central Iowa on commercial farms at two locations in 
2017 and one in 2018. The hybrids selected for the study were commonly grown in central Iowa 
during the 2017 and 2018 growing seasons (Table 1). The experimental design was a strip plot 
with four replications. Replicated strips were 12 rows spaced 76 cm apart and 0.80 to 1.21 km 
long with a seeding rate of 84,000 plants/ha. There were two treatments: 1) pyraclostrobin + 
metconazole (Headline AMP®, BASF Corp., Research Triangle Park, NC) (730 ml/ha) with a 
non-ionic surfactant (292 mL/ha) applied at silking R1, and 2) an untreated control. Fungicides 
were applied with an aircraft, a ground sprayer, and an undercover sprayer. No differences were 
found between any fungicide application method so results from all fungicide-treated plots  were 





mL/ha. The aircraft applied fungicide with 21 L/ha of water at 276 kPa pressure using CP-03 
poly aerial nozzles (CP Products, Transland manufacturers, Wichita Falls, TX). The ground 
sprayer was a HagieTM STS12 that applied fungicides at 187.1 L/ha and 400 kPa pressure using 
XR TeeJet 11003 nozzles (Wheaton, IL). For the undercover application, the same Hagie STS12 
was used and Undercover units (360 Yield, Morton, IL) hung between the rows 10 to 20 cm 
above the ear leaf and applied fungicide with 187.1 L/ha of water at 207 kPa of pressure using 
XR TeeJet 11002 nozzles. All applications were made within two hours of each other. No rain 
events occurred within a 24 hours period after the applications were made.  
 Disease ratings were taken from each strip every two to three weeks beginning at 
approximately R3 (milk stage) and continuing until the plants reached R6 (physiological 
maturity) and began to senesce (Abendroth et al., 2011). Foliar disease was not detected at the 
time of the fungicide application. Disease was assessed in the upper canopy (3 leaves above the 
ear leaf), on the ear leaf, and in the lower canopy (2 leaves below the ear leaf) from each strip. 
Ratings from each of the three zones were then averaged for each plant. Ratings were done 
approximately 60 m from the end rows and then another 30 m from the previous rating. Disease 
severity was based on the percent of the leaf covered by disease lesions. Individual diseases 
present were noted; however, only combined disease severity data are presented.  
 From each strip, the apical ear was hand harvested from 6 plants chosen at random every 
3 to 8 days starting roughly at the R4 growth stage in 2017, and late R4 (close to R5 dent) in 
2018. From each ear, 20 kernels from spikelet positions 10-15 from the bottom of the rachis (i.e., 
middle of the ear) were transferred to 20 mL scintillation vials (DWK Life Sciences Wheaton®, 
Millville, NJ). Samples were weighed immediately to prevent possible dry matter loss from 





Convection Oven (Model PR305225G, Thermo Fisher Scientific, Waltham, MA). Kernel 





 x 100 
 Seed development was tracked using moisture percentage and thermal units from anthesis 
(Figure 1b). Mean daily air temperature from a weather station located in Ames, IA was accessed 
through the Iowa Environmental Mesonet to calculate growing degree days (GDDs) (Iowa State 
University, 2020). Parameters for GDDs were calculated using a base temperature of 10°C and a 
max of 30°C (Abendroth et al., 2011). The daily accumulated GDD (thermal units) are displayed 
as thermal time (°Cd) from anthesis through physiological maturity.   
Celsius GDD = [(T MIN + TMAX)/2] -10 
TMIN = Minimum daily air temperature. If temperature is less than 10°C, use 10 as TMIN 
TMAX = Maximum daily air temperature. If temperature is greater than 30°C, use 30 as TMAX 
 The rate and duration of grainfill was plotted against moisture concentration and thermal 
time from anthesis to black layer. A regression analysis to determine the relationships of kernel 
weight with the moisture content and thermal time was performed using SAS (version 9.4 SAS 
Institute Inc., Cary, North Carolina). To detect differences in the rate of dry matter accumulation 
during the EFP, the slopes from the fungicide and control treatments were compared using a t-
test (P < 0.05; Steel and Torrie,1960). Analysis of variance (ANOVA) was performed to test the 
treatment effect for disease severity and grain yield using Proc GLIMMIX. A mixed model 





considered as random effect factor. Means were separated using Fisher’s protected LSD at alpha 
() level  0.05. Fungicides were applied using three application methods however application 
methods were pooled as they have no effect on disease severity and yield.  The duration of the 
EFP was assessed from KWT0 to KWTpm. KWT0 was calculated by extrapolating the regression 
analysis to seed weight 0; KWTpm was determined by extrapolating the regression analysis to 
estimated moisture percentage at physiological maturity. The final average kernel weight was 
calculated using the 4 to 5 samples prior to black layer observation. Regression analysis to 
determine the relationship of the kernel weight with moisture and thermal time were not 
performed for the Kelley location in 2018 because sampling was concentrated around 
physiological maturity to detect the differences later in kernel development.  
 Precipitation and temperature were different in 2017 and 2018. The daily average 
temperature for the season in 2017 was higher than the 30-year average temperature from April 
to September, although May and August temperatures fell below the historical median. 
Precipitation was 5.6 cm below normal, although April experienced high rainfall totals, the end 
of May through mid-August was much drier with 45% of the state experiencing drought (Iowa 
Department of Agriculture and Land Stewardship, 2017). For all 12 months in 2018, 
temperatures were below normal and extremely wet. Precipitation totaled 114 cm, or 24.9 cm 
more than the 30-year average (Iowa Department of Agriculture and Land Stewardship, 2018). 
Story County specifically totaled 132 cm, which was 44.4 cm more than the 30-year average. 








 Disease severity and yield. The most prevalent fungal diseases were gray leaf spot 
(caused by Cercospora zeae-maydis Tehon and Daniels), common rust (caused by Puccinia 
sorghi Schwein) and southern rust (caused by Puccinia polysora Schwein) in 2017, and gray leaf 
spot, common rust, and northern corn leaf blight in 2018. Disease severity ratings from the three 
plant zones increased with plant age at all locations. At the Ames location, for example, average 
disease severity in no-spray control plots increased from 2.0 to 6.1% from R4 to R6.  
 Fungicide reduced disease severity in most cases. No differences in disease severity 
ratings were found between any fungicide application method so all fungicide data were 
combined for analyses. Disease severity at R6 was reduced by 50% (P = 0.034) in Ames and by 
36% in Nevada. Disease at the Kelley location in 2018 was greater than that observed at Ames 
and Nevada in 2017, reaching levels over 17.6% throughout the canopy. The fungicide reduced 
disease severity at this location by 60% (Table 2). At Ames and Nevada in 2017, the fungicide 
application kept disease severity below 5%. In 2018, disease severity still exceeded 5% at PM in 
the fungicide treated strips despite the 10.7% reduction in disease when compared to the control. 
 The average yield at our trial locations was greater than the county averages for 2017 and 
2018 (ISU Extension, 2020). The yield of the untreated controls ranged from 13,307 kg/ha at 
Kelley in 2018, to 16,069 kg/ha at Nevada location in 2017. However, even with the large 
reduction in disease severity there was no yield response from the fungicide application at any 
locations (P = 0.399, Table 2).  
 Final kernel weight. All single kernel weights were within the range of previous research 





from treated plants in Nevada 2017, which were heavier at 390 mg/kernel. The corn at the Ames 
location reached physiological maturity at 34% (Figure 2). Based on the regression analysis 
formula, the weight of 20 kernels at physiological maturity was 6.3 g (315 mg/kernel) for plants 
not sprayed with fungicide, and 6.5 g (325 mg/kernel) for plants with the fungicide. The sampled 
average final kernel weight of the 20 kernels (weights of the final 4 to 5 kernel samples prior to 
black layer recognition) in Ames 2017 were non-significant, weighing 6.99 g/20 kernels (349.5 
mg/kernel) in the control strips, and 6.97 g/20 kernels (348.5 mg/kernel) (P = 0.550). At Nevada, 
the kernels samples from untreated plants spray reached 35% moisture at physiological maturity, 
while kernels from fungicide-treated plants reached 32% moisture at physiological maturity 
(Figure 2). Based on the regression analysis, the kernel weight at PM for the 20 kernels not 
sprayed with a fungicide was 6.4 g (320 mg/kernel), while maximum 20-kernel weight was 7.0 g 
(350 mg/kernel) for the fungicide treated plants. The sampled average kernel weight (average 
weight of final 4 to 5 samples prior to black layer recognition) at Nevada was significantly 
different, weighing 7.2 g/20 kernels (360 mg/kernel) for the control, and 7.8 g/20 kernels (390 
mg/kernel) for the kernels on the fungicide treated plants (P = 0.001) The regression analysis 
was not calculated in Kelley 2018, however, kernel sample weight was 6.2 g/20 kernels (310 
mg/kernel) in the control, and 6.3 g/20 kernels (315 mg/kernel) in fungicide treated plants (Table 
3).   Final kernel weight for Pioneer 1197 control plots at Kelley was 13.8% less in 2018 than at 
Nevada in 2017. The lesser kernel weight in 2017 accounted for much of the yield difference 
(17.2%) observed in control strips between years. In 2017, the effects of fungicide application on 
final kernel weight were not consistent across locations. Fungicide application at the Ames 
location did not affect final kernel weight (P = 0.550, Table 3), while at Nevada a positive 





weight of the kernels from the fungicide sprayed plants was 8.3% greater than the untreated 
controls (Table 3). In Kelley 2018, however, no difference was detected in final kernel weight 
between fungicide treated plants and the untreated controls (P = 0.601) 
 Kernel moisture at physiological maturity. Percent Kernel moisture during from initial 
sampling to black layer (i.e. beyond physiological maturity) ranged from 55 to 26% at Ames, 60 
to 22% at Nevada, and 48 at 14% at Kelley in 2018 (Table 3). Fungicide application had no 
effect on kernel moisture at physiological maturity in Ames in 2017 (Figure 2). Both the control 
and fungicide strips reached maximum kernel weight (physiological maturity) at the same kernel 
moisture, 34%, and at the same thermal time (Table 3, Figure 2). Fungicide application, 
however, did affect kernel moisture at physiological maturity at the Nevada location. Kernels 
accumulated dry matter down to 32% moisture, which was 3% less than the control (Figure 2). In 
2018, kernel moisture at physiological maturity did not differ between treatments at Kelley. The 
moisture percentage at maximum kernel weight and the thermal time when maximum kernel 
weight was reached was similar for the control and the fungicide treated plants.  
 
 Effective fill period rate and duration. Thermal time was tracked beginning at anthesis 
and ending once black layer was detected for each location (Figure 1b).  Thermal time for 
sampling dates ranged from 738 to 1549°Cd at Ames, from 614 to 1692°Cd at Nevada, and 1068 
to 1788°Cd  at Kelley (Table 3 and Figure 1b). Temperatures at Ames and Nevada in 2017 were 
cooler and there was less precipitation compared to the 30-year average in August, where much 
of kernel DMA occurred (Table 4). At Kelley in 2018, temperatures were on par with the 30 year 





 In 2017, duration of grainfill differed at the two locations. In Ames, the EFP was not 
affected by fungicide application; both the rate and duration of dry matter accumulation were 
similar between the control and the fungicide treated plants (Figure 2). The regression 
coefficients for the relationship of kernel weight with moisture for the fungicide and control 
treatments did not differ (P = 0.746) (Figure 2). At Nevada, despite greater final kernel weight, 
there was no difference in the rate of grain fill between the fungicide sprayed and untreated 
plants, as reflected by similar slopes for kernel weight by moisture (P = 0.119) and kernel weight 
by thermal time (P = 0.383) (Figure 2). However, the fungicide application increased the 
duration of grainfill based on thermal units that were calculated using the regression analysis 
(Table 3, Figure 2). The kernels in the fungicide treated strips had an additional 105 GDDs of 
thermal time to accumulate dry matter into the developing kernels (Table 3). There was no 
impact of the fungicide treatment on the rate or duration of grainfill at the 2018 location, and 
kernels from fungicide treated plants had similar dry matter accumulation as kernels from the 
control (Figure 2).  
 Stay green. There was no difference in stay green observed in 2017 field trials. In Kelley 
2018, the crop canopy in the fungicide treated strips remained greener a couple weeks after 
physiological maturity when compared to the crop canopy of the control (data not shown). 
 
Discussion 
 This study investigated how a fungicide application of pyraclostrobin +metconazole 
applied at silking might influence the physiological development of the kernel, specifically 
moisture percentage at physiological maturity, and kernel dry matter accumulation through 





may extend the duration of the EFP. For hybrid P1197 grown at Nevada, IA in 2017, the 
extended EFP was associated with lowering the kernel moisture percentage at physiological 
maturity. More GDDs were available before physiological maturity was reached providing more 
time for the developing kernels to accumulation available assimilates from the plant.    
 These results imply that a fungicide application early in reproductive development may 
affect subsequent kernel development under certain conditions. In our study, a fungicide 
application at R1 extended the duration of dry matter accumulation during grainfill, and reduced 
kernel moisture at physiological maturity which resulted in greater maximum kernel weight in 
one of the three site-years. Previous research in Iowa reported a QoI fungicide, specifically 
pyraclostrobin, did not influence the day of the year which kernels reach 35% moisture content, 
or the day of the year when maximum kernel weight occurred (Byamukama et al., 2013). 
Differences in regards to prior research by Byamukama et al., (2013) may be due to differences 
in monitoring and tracking kernel development. For example, corn development is correlated 
with air temperature, and can vary year to year if tracked by calendar days (Abendroth et al., 
2011). Using the day of the year to track treatment differences in a plant that responds to GDDs 
and not the day of the year may limit the accuracy in detecting treatment differences. Also, 
tracking kernel development based on moisture content and weight is an accurate method for 
normalizing treatment effects on kernel development (Borrás and Westgate, 2006). Byamukama 
et al., (2013) graphed kernel dry weight by the day of the year to determine slope instead of the 
method we used comparing kernel weight by moisture percentage or thermal time, potentially 
reducing treatment effects.  
  No yield response from the fungicide application occurred at the Ames or Nevada 





who detected no difference in yield between pyraclostrobin treated plots and the untreated 
controls. Disease severity at both the Ames and Nevada location were low up until PM, reaching 
6.1% in Ames and 8.5% in Nevada. Prior to PM disease severity was 3.4% at Ames and 5.8% in 
Nevada, providing a potential explanation why no yield response was detected in 2017. Others 
also have reported inconsistent yield responses from a fungicide application in low disease 
pressure environments (Wise and Mueller, 2011; Wise et al., 2019). At the Nevada location in 
2017, no yield response occurred with a fungicide application despite greater than 5% disease 
severity in the control plots at R5. Likewise, Mallowa et al., (2015) reported  inconsistent yield 
responses in trials where fungicides reduced disease severity compared to control plots when 
disease levels were moderate.  
 There are a number of other factors that might have limited yield response to the 
fungicide application. In 2017, drought conditions during early reproductive stages and through 
much of grainfill reduced disease occurrence, and in 2018 heavy rains caused severe nitrogen 
shortages and saturated soils, leading to early senescence. Stress during grain fill affects kernel 
weight by shortening the effective fill period (Egharevba et al., 1976; Ouattar et al., 1987; 
Westgate 1994; Jones and Simmons, 1983; Borrás et al., 2004). Foliar disease is a stressor that 
may reduce photosynthesis, increase respirations rates (Daly, 1976), and reduce assimilate 
supply because less healthy tissue is available for photosynthesis (Levy and Leonard, 1990). We 
hypothesized that significantly reducing disease, and therefore plant stress, would significantly 
increase final kernel weight, however, based on our 2017 and 2018 data, this may not always be 
the case (Marshall, 2014). Yield results from 2018 plots would support other factors, such as 





13,307 kg/ha at the Kelley location in 2018, while P1197 averaged 14,407 kg/ha among nine 
company plots within Story County (Pioneer, 2018).  
 The moisture content at maximum dry matter (physiological maturity) is a consequence 
of the dynamic interaction between the rate of dry matter accumulating in the kernel and the rate 
of water leaving it (Borrás and Westgate, 2006; Brooking, 1990; Gambin et al, 2007; Millet and 
Pinthus, 1984; Saini and Westgate, 2000). The deposition of reserves such as starch replaces 
water until a critical minimum moisture content is reach with within kernels (Borrás and 
Westgate, 2006).  Borrás and Westgate (2006) showed that large differences in patterns of kernel 
dry matter accumulation across genotypes and environments could be normalized to a common 
pattern when expressed on a grain moisture basis. Kernels continued to accumulate dry matter 
until they reached a moisture content below which metabolism could not continue (about 35% in 
most cases). An analysis of temperate corn hybrids by Gambin et al (2007) indicated the dry 
matter accumulation-moisture loss relationship was particularly important during the later stages 
of grain filling when kernel filling was limited by sink demand for assimilates. Sala et al (2007) 
studying the effects of source-sink manipulations on kernel water relations, however, determined 
that restricting source capacity during the effective filling period affected dynamics of dry matter 
deposition and kernel moisture at physiological maturity. Their results indicated a large decrease 
in source capacity during grain filling resulted in a higher grain moisture at physiological 
maturity (Sala et al., 2007). Protecting leaves using fungicides keeps leaves healthy and 
maintains source capacity during the grain filling period. Our results support management 
activities that maintain source capacity, such as using a fungicide to reduce disease severity, 
particularly if the hybrid can respond by continuing to fill kernels at a lower moisture percentage 





by disease severity levels reaching 5.8% at R5 and 8.5% by R6  to limit DMA as grain moisture 
approached values typically observed at physiological maturity, i.e. 35%, for untreated plants.   
 Weather was a significant factor influencing grain yield in these trials. Although yield 
was greater than county averages in 2017 and 2018, abiotic stress still may have negatively 
impacted reproductive development. In 2017, there were lower than average? temperatures in 
August and less precipitation than average from June through August. Lower temperature 
impacts sink activity (Ou-Lee and Setter, 1985).  Drought stress during the reproductive stages 
also shortened the grain filling period (REFS). Above average rainfall in 2018 resulted in 
nitrogen shortages and saturated soils. Nitrogen shortages and saturated soils have both been 
shown to negatively impact yield (Scharf et al., 2002; Lauer, 2008) 
 Kernel weights from the fungicide treatment were 8.3% heavier compared to kernel 
weights of the non-sprayed control at the Nevada location. The greater kernel weight 
corresponded to a longer duration of dry matter accumulation and lower grain moisture at 
physiological maturity. This result apparently varies from those of Borrás et al. (2003) who 
observed variation in kernel weight in response to post-flowering source/sink ratios were due 
primarily to changes in kernel growth rate rather than duration of grainfill. The experimental 
design conducted by Borrás et al., (2003) did differ from our research. To determine the impact 
on kernel weight in response to source-sink ratios hybrids a combination of plant density and 
hand pollination treatments were imposed. These treatments impacted plant growth and kernel 
development sooner than a fungicide application applied at VT/R1, showing decreased kernel 
number as populations increased, and increased kernel weight at lower populations and in plants 
with restricted pollination. Larger kernels have shown to increase the rate of dry matter 





the developing kernels. Our findings do align, however, with subsequent research showing 
variation in kernel weight was achieved through a combination of rate and duration of grain-fill 
(Borrás, et al., 2009).  These studies in combination with our results confirm the duration of 
grain filling is variable and can be managed to increase final kernel mass prior to limitations on 
sink metabolism imposed by low kernel moisture content. Limiting late season disease severity 
to maintain availability of assimilates from photosynthetic tissues and limit competition for stem 
reserves is fundamental to achieve the potential kernel weight established early in grain filling.    
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Table 1. Trial location, cultivars, and management practices for on-farm trials in Iowa in 2017 and 2018. 
 




dates Harvest dates 
Soil 
typez 
2017 Ames Wyffels 5448 May 5 Jul 23 Aug 21, Sep 4,16  Oct 26 N, C, W, CS 
 Nevada Pioneer 1197 Apr 27 Jul 24 Aug 21, Sep 4, 16 Nov 6 N, C, W, O 
2018 Kelley Pioneer 1197 Apr 27 Jul 12 Aug 22, Sep 5 Nov 1 N, C, W, H 
 
z Soil types represent by letters W= Webster, C= Clarion, N= Nicollet, H= Harps, CS= Cannisteo O= Okoboji. Soil types explained by 





Table 2. Least square means of disease severity and yield of corn from on-farm trials conducted 
in Iowa in 2017 and 2018. 
 
   Disease severity (%)
 z 
Yield 
Year Location Treatment R4 R5w R6 kg/ha 
2017 Ames Control 2.6  3.4  6.1  13,433  
  Fungicide 
y 1.8  2.0  3.0  13,119  
  P > F 0.108 0.033 0.034 0.174 
 Nevada Control 3.3  5.8  8.5  16,069  
  Fungicide 2.4  4.3  5.4  16,383  
  P > F 0.096 0.105 0.011 0.179 
2018 Kelley Control . 3.2  17.6  13,307  
  Fungicide . 1.5    6.9  13,433  
  P > F . 0.018 0.003 0.399 
 
z Disease severity was collected at the dough stage (R4), the dent stage (R5), and physiological 
maturity (R6). Disease severity is the percentage of leaf covered by foliar disease. The most 
common foliar diseases were gray leaf spot, common and southern rust, and northern corn leaf 
blight. Disease was collected in three zones include the upper canopy, the ear leaf, and the lower 
canopy, and averaged per plant. Three plants were rated per strip beginning 60 meters from the 
end rows and then 30 meters from the previous rating. Disease was negligible at R4 in 2018. 
y Pyraclostrobin + metconazole (Headline AMP®, BASF) was applied at the recommended dose 










Table 3. Dry weight and moisture collected from corn kernels from non-treated control (C) and fungicide-treated (F) in central Iowa in 2017 and 2018. 









2017 Ames.  °Cd . . . 738 793 878 950 1019 1077 1145 1204 1250 1306 1396 1471 1549   
  C % M . . . 52 52 45 44 40 38 37 36 35 34 30 31 26   
   DW . . . 3.23 3.59 4.26 4.64 4.91 5.77 5.85 6.26 6.66 7.1 6.95 7.08 7.16 6.99 1217 
  F % M . . . 55 50 46 45 39 39 37 35 35 33 28 30 26   
   DW . . . 3.0 3.6 4.3 4.7 5.5 5.8 6.4 6.6 6.7 6.9 6.9 7.1 7.2 6.97 1216 
 Nevada  °Cd 614 670 754 826 896 954 1022 1081 1127 1165 1348 1426 1504 1594 1639 1692   
  C % M 60 59 55 55 49 45 45 42 39 39 38 31 29 27 21 22   
   DW 
2.4
3 3.08 3.98 3.83 4.35 5.38 5.10 5.85 6.20 6.52 6.76 7.20 7.27 7.08 7.30 7.33 
7.24 1289 
  F moist 59 59 53 52 46 44 42 41 38 38 35 32 29 25 23 22   
   DW 
2.6
4 3.11 3.94 4.26 4.78 5.43 5.59 6.33 6.78 6.79 7.37 7.62 7.89 7.83 7.93 7.82 
7.82 1394 
2018 Kelley.  °Cd . . . . . . . . . 1068 1184 1265 1406 1522 1696 1788   
  C % M . . . . . . . . . 48 42 41 35 25 19 14   
   DW . . . . . . . . . 4.43 5.43 5.8 6.41 6.48 5.8 6.25 6.24 . 
  F % M . . . . . . . . . 46 42 41 35 28 19 14   
   DW . . . . . . . . . 4.74 5.75 5.91 6.54 6.55 6.13 6.00 6.31 . 
 
x °Cd = Thermal time, which was calculated using Iowa Environmental Mesonet (Iowa State University, 2020); DW = dry weight (g) 
of 20 kernels; % M = percent moisture, which was calculated by measuring fresh weights of the kernels. Kernels were then dried for 
and reweighed. The dry weight was then subtracted from the fresh weight, and that number was divided by the original fresh weight. 










y Number of samples used to calculate final kernel weight included all samples collected after physiological maturity (PM) (gray 
boxes), because PM was unknown while sampling. Kernel weight comparisons for the Ames and Kelley locations were not significant 
(P = 0.550, 0.601), but were significant (P = 0.001) at the Nevada location in 2017.  
z The effective fill period (EFP) was determined using the regression equation to calculate seed weight at 0 grams. The °Cd at seed 
weight 0 was subtracted from °Cd at PM to figure total thermal time of the duration of grain fill. In 2018, thermal time from anthesis 
was used instead of calculating the EFP. This was done using accumulated growing degree days (GDDs) from tassel (VT) to PM. VT 


















Table 4. Average monthly rain and temperature at trial locations for 2017 and 2018. Data is from Iowa Environment Mesonet (Iowa State University, 2020). 
   Monthly precipitation (cm)  Total  
Monthly precipitation 30 year 
average(cm)  Total 
Year Locationz Apr May Jun Jul Aug Sep 
(April to 
October) Apr May Jun Jul Aug Sep 
(April to 
October) 
2017 Ames 7.8 15.6 4.4 2.5 8.5 4.6 43.4 10.1 12.3 12.4 12.1 12.8 8.7 68.4 
 Nevada 7.8 15.6 4.4 2.5 8.5 4.6 43.4 10.1 12.3 12.4 12.1 12.8 8.7 68.4 
2018 Kelley 4.9 9.4 29.0 11.6 15.2 13.5 83.6 10.2 12.9 13.2 12.2 13.1 7.9 69.5 
   Monthly temperature (°C)  Average  
Monthly temperature 30 year 
average (°C)  Average 
Year Location Apr May Jun Jul Aug Sep 
(April to 
October) Apr May Jun Jul Aug Sep 
(April to 
October) 
2017 Ames 11.7 16.1 22.8 24.4 20.6 20.6 19.4 10.4 16.6 21.7 23.3 22.1 18.3 18.7 
 Nevada 11.7 16.1 22.8 24.4 20.6 20.6 19.4 10.4 16.6 21.7 23.3 22.1 18.3 18.7 
2018 Kelley 3.9 19.4 22.8 23.3 22.2 18.9 18.4 9.3 13.3 20.8 23 21.9 17.6 17.7 




























Figure 1. Moisture percentages (A) thermal time (B) from anthesis until the final kernel sample 






























































Figure 2. Effect of fungicides on the rate of grainfill, duration of grainfill, and the moisture 
percentage at physiological maturity recorded at three locations in Iowa during 2017 and 2018. 


















     Moisture concentration (%)   Thermal units (°Cd)    
Control Y= -0.59+0.01x, R2 = 0.899 
Fungicide Y= 0.42+0.01x, R2 = 0.916 
Control Y= 10.64-0.12x, R2 = 0.914 
Fungicide Y= 11.80-0.15x, R2 = 0.943 
Control Y= -0.30+.01x, R2 = 0.936 
Fungicide Y= -0.16+0.01, R2 = 0.901 
Control Y= 12.08-0.17x, R2 = 0.929 
Fungicide Y= 11.90-0.16x, R2 = 0.951 
Ames - 2017 
 
Nevada - 2017 




CHAPTER 4: GENERAL CONCLUSION 
 For the on-farm trials, our data showed that the traditional and undercover fungicide 
application resulted in greater coverage throughout the crop canopy when compared to aerial 
applications as determined by detecting PTSA dye and using spray cards. However, when the 
amount of PTSA dye detected within each zone of the canopy was converted to a percentage that 
which the entire canopy received, the aerial application treatment delivered the same proportion 
of active ingredient to the EL and LC canopy zones as the traditional and undercover methods. 
Similar results when comparing coverage were observed in our small plot trials and showed 
similar coverage occurred throughout the crop canopy with both traditional and undercover 
methods with based on spray card analysis, and PTSA dye detected.  
 No difference in disease control with all three application methods for on-farm trials, and 
undercover and traditional in small plot trials occurred. Thus, despite the aerial application using 
much less water as a carrier, disease management was similar to traditional and undercover. We 
propose that the absorption of pyraclostrobin + metconazole, along with the lipophilic and water 
solubility properties of these QoI and DMI fungicides made for equal disease management with 
all three application methods. Similar disease control occurred with all application methods 
throughout the crop canopy due to the absorption properties and translaminar movement of the 
fungicide that used in our trial. New fungicide active ingredients, such as the QoIs, DMIs, and 
SDHIs have physiochemical properties that allow for absorption and xylem mobility (Bartlett et 
al., 2002; Zhange et al., 2018), whereas  older “non systemic” fungicides such as the 
dithiocarbamates and phthalimides, copper, sulphur, and mercury remain on the leaf surface 
(Dias, 2012). Contact fungicides remain on the surface of plants, and can be washed off by rain 




coverage with contact fungicides was particularly important since these fungicides are not 
absorbed into the leaf. Current fungicides have different levels of absorption and xylem mobility, 
influenced by the lipophilic properties and water solubility of the active ingredient. These 
“newer” active ingredients absorb into the leaf and have translaminar movement, meaning they 
are absorbed and move from one side of the leaf to the other. Because of the absorption and 
xylem mobility of some of the new fungicide active ingredients in the leaf, we suggest that 
coverage may not be as important as it once was when using contact fungicides. More important 
is getting the proper amount of active ingredient onto the leaf to allow for absorption. Using less 
carrier volume while maintaining proper active ingredient rates can lead to equal disease control. 
 These data also suggest environmental conditions may affect the yield response from a 
fungicide application. Despite disease severity greater than 5% on the earleaf at every 
experimental location in 2017 and 2018, only one location, a small plot trial in Kanawha, showed 
a positive yield response from the fungicide application. In 2018, for example, record rainfall, 
caused severe nitrogen shortages and saturated soils at all research trials locations. Nitrogen 
shortages during the growing season may negatively affect yield responses. Moreover, these data 
detail the importance of considering plant growth and development, and growing conditions as a 
whole, rather than focusing on one aspect (disease), when considering yield and the impact of 
any pesticide treatment. 
 Regarding the impact of fungicides on the rate and duration of dry matter accumulation in 
corn, we showed in one of three site-years, a fungicide application can influence final kernel 
weight, by extending the effective fill period since physiological maturity occurred at lower 
kernel moisture and thus more growing degree days occurred to accumulate dry matter. More 




corn. Furthermore, additional work looking at the impact fungicides have on kernel number 
could be helpful. Since fungicides are traditionally applied at VT/R1 and may reduce stress at 
this critical period as kernel set is taking place, this may reduce tip dieback (abortion of kernels 
at the tip of the ear when conditions are stressful). More kernels per row could contribute to an 
increase in harvested kernels and thus yield.  
 More work is also suggested regarding the different physiochemical properties of 
fungicides and how the concentration of the fungicide within the spray droplet, the lipophilic 
properties and water solubility can impact efficacy and residual. Understanding how these 
factors affect disease management will help farmers be more efficient with their time because of 
less loading of water into their sprayers. Moreover, this improved understanding could explain 
how environmental factors impact fungicide absorption at different concentrations.  
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Effect of fungicide application techniques on fungi in corn kernels 
Methods. For the 2018 on-farm trials, ten ears were arbitrarily sampled from each replication of 
each treatment, for a total of 40 ears per trial. The ears were shelled using a corn sheller (AEC 
Enterprises. New Virginia, Iowa) and kernels were separated and combined into a plastic bags. 
Kernels were surfaced sterilized for 90 seconds with 0.05% sodium hypochlorite, triple rinsed in 
sterilized water for 90 seconds in each of the three rinsing solutions. For each treatment 200 g of 
kernels were ground into a powder using a 115V, series II Romer Mill (Romer Labs, Neward, 
DE) for analysis. Three media types were used to detect fungal pathogens: potato dextrose agar 
(PDA; Agarwal and Sinclair, 1997) was used for general fungi, the selective media Aspergillus 
Flavus and Parasiticus Agar (AFPA; Agarwal and Sinclair, 1997) was used to detect Aspergillus 
sp. and Cladosporium sp., and Nash-Snyder (Cho et al., 2001), used to detect Fusarium sp. One 
gram of each ground kernel sample was added to 10 ml of sterile distilled water and vortexed for 
10 seconds. The resultant suspension was diluted 1:10 and then 0.1 ml of suspension was spread 
onto each of the three media. There were 3 replicate media plates for each sample. Plates were 
incubated at or 24-25°C for 10 days.  Every two days, plates were assessed for fungal growth, 
and the number of colony forming units were recorded as CFU/plate.  
Results. No clear trends in CFU per plate were observed on PDA across location or fungicide 
treatment. However, the no-spray control treatment had much great numbers of CFU per plate in 




others, whereas the opposite occurred in Kelley 2018. Low CFU per AFPA plates  (0.2 to 6.3) 
across treatments were observed in Ames, whereas 14.1 to 43.3 CFU per AFPA plates were 
observed in Kelley.    
 
Table A.1. Total colony forming units per plate from kernels collected from corn plants sprayed 
with a fungicide using three application treatments on three media in 2018.  




Treatment PDAx    NS AFPA 
2018 Ames Control 74.7 a    0.0 b  0.2 b 
  
Aerial 26.8 b  19.3 a  0.3 b 
  
Traditional   8.5 c    0.0 b  2.7 ba 
  
Undercover   6.8 c    0.1 b  6.3 a 
    P > F <0.001    0.015  0.102 
 
Kelley Control 28.5 c 12.8 cb 23.4 b 
  
Aerial 63.2 ba   6.6 c 43.3 a 
  
Traditional 76.6 a 32.8 a 14.1 b 
  
Undercover 36.2 bc 20.6 b 32.4 ba 
    P > F z   0.024 <0.001   0.026 
 
x Media used to plate seeds were potato dextrose agar (PDA), Nash Snyder (NS) media and 
Aspergillus flavus and parasiticus agar (AFPA) 
y CFU represents colony forming units of fungi. Means followed by the same letter within a 
column did not differ significantly at α = 0.05. Means were separated using Fisher’s protected 




z  Pyraclostrobin + metconazole (Headline AMP®, BASF) was applied at the recommended dose 
of 730 ml/ha at the silking stage of corn (R1). 
Literature cited 
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 Table A.2. All disease severity ratings with all common diseases present on specific dates for the Ames and Nevada on-farm trials in 2017. Numbers represent 
the number of lesions or patches for each disease present. 
Rating Date Zoney 
Ames Nevada 





UC 2.3 1.7 1.7 1.7 2.3 1.7 1.7 1.3 
21-Aug EL 3.0 2.0 2.0 1.0 4.0 2.3 2.3 1.7  
LC 3.0 2.7 2.3 1.7 5.0 3.0 3.7 3.7  
UC 2.0 1.0 1.0 1.0 2.3 2.3 2.0 1.0 
28-Aug EL 3.3 2.3 2.3 1.0 6.3 5.7 4.3 3.0  
LC 6.3 3.3 3.0 3.0 8.0 9.7 7.3 5.3  
UC 2.7 1.0 1.7 1.7 2.0 1.3 1.0 1.0 
4-Sep EL 7.0 3.3 3.3 2.7 7.7 6.7 4.0 2.0  
LC 5.3 4.3 4.3 3.7 7.7 7.7 5.3 4.0  
UC 3.3 2.7 2.3 1.7 4.0 3.3 1.3 1.3 
10-Sep EL 9.3 5.0 2.0 2.3 12.0 9.0 6.7 4.3  




UC 0.3 1.0 0.7 0.3 1.3 1.0 1.3 0.7 
21-Aug EL 1.7 1.7 1.7 1.3 4.0 2.0 2.0 1.3  
LC 2.0 2.7 3.0 2.7 4.3 4.3 4.7 5.3  
UC 0.0 0.0 0.0 0.0 0.0 1.0 0.0 0.0 
28-Aug EL 0.7 0.3 0.3 0.0 0.7 2.7 0.0 0.3  
LC 4.3 3.0 2.3 1.7 8.3 7.0 7.3 5.3  
UC 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.3 
4-Sep EL 3.3 3.0 2.0 1.7 2.7 7.3 3.3 1.0  
LC 3.0 5.0 3.3 3.3 7.0 9.0 8.0 5.0  
UC 1.0 0.3 0.0 0.0 0.7 2.7 1.0 0.3 
10-Sep EL 6.7 4.0 2.0 2.7 10.3 9.7 9.3 4.0  
LC 4.3 3.3 2.7 1.7 8.7 8.0 5.3 7.0 
 
 
UC 1.8 1.8 1.7 1.3 2.0 1.8 1.0 0.8 
 21-Aug EL 2.0 2.2 1.7 1.0 3.0 2.0 1.5 1.3 
 
 
LC 1.5 1.8 1.2 0.7 3.5 0.8 1.0 2.5 
 
 




28-Aug EL 2.3 1.8 2.0 1.3 4.8 3.0 3.2 1.8  
LC 3.2 1.8 2.2 1.8 3.7 2.0 2.5 1.8  
UC 2.7 1.2 1.2 2.0 2.8 1.7 1.2 1.2 
4-Sep EL 3.2 2.0 2.5 1.3 3.7 2.7 1.7 0.7 
 
 









UC 2.7 2.0 1.5 1.3 2.7 4.0 1.7 1.5 
 10-Sep EL 3.2 2.2 1.2 1.2 3.5 4.2 1.8 2.2 
 
 
LC 4.0 2.5 2.3 2.0 7.5 3.7 3.2 4.2 
 
y Three zones include the upper canopy (UC) which was represented by three leaves above the ear leaf, the ear leaf (EL), and the lower 
canopy (LC) which was represented by 2 leaves below the ear leaf. 
z Traditional application consisted of a ground spraying with a traditional boom spraying down onto the canopy. The undercover 
application method consisted of a traditional ground sprayer equipped with 360 Yield Undercover units that hang down into the crop 
canopy. Aerial application method was an airplane. Ground sprayer was calibrated to spray 187 L/ha, while the airplane was calibrated 











Table A.3. All disease severity ratings with all common diseases present on specific dates for the Ames and Kelley location in 2018. 
Numbers represent the number of lesions or patches for each disease present.   
    Ames   Kelley  
Rating Date Zoney Control Aerialz Traditional Undercover Control Aerial Traditional Undercover 
  UC 3.7 4.3 2.3 1.7 1.7 1.0 0.7 0.3 
Disease 
severity 
22-Aug EL 6.3 5.7 6.7 1.7 3.0 2.3 1.0 1.3 
 LC 10.0 7.0 8.0 2.7 5.7 4.3 2.3 1.3 
 UC 15.0 6.3 8.0 7.3 16.7 8.0 11.7 6.7 
4-Sep EL 15.0 8.3 9.0 6.7 15.0 5.0 6.7 3.3 
  LC . . . . 20.0 6.3 9.0 5.0 
  UC 5.0 6.3 4.0 3.0 2.0 1.0 1.7 0.3 
 22-Aug EL 8.7 7.7 8.7 2.3 4.0 3.3 3.0 2.0 
Gray 
leaf spot 
 LC 9.7 8.3 8.7 4.3 9.3 6.7 3.3 2.3 
 UC 18.3 7.3 10.7 9.7 1.3 6.0 4.3 3.7 
4-Sep EL 13.0 10.7 14.0 8.7 5.0 6.0 7.3 4.0 
  LC . . . . 8.3 6.3 7.0 6.3 




22-Sep EL . . . . 0.0 0.0 0.0 0.0 
 LC . . . . 0.0 0.0 0.0 0.0 
 UC 1.0 1.0 1.0 1.0 4.0 1.7 5.0 1.7 
4-Sep EL . . . . 5.3 0.3 1.0 0.0 
  LC . . . . 1.3 0.0 0.0 0.0 
y Three zones include the upper canopy (UC) which was represented by three leaves above the ear leaf, the ear leaf (EL), and the lower 







z Traditional application consisted of a ground spraying with a traditional boom spraying down onto the canopy. The undercover 
application method consisted of a traditional ground sprayer equipped with 360 Yield Undercover units that hang down into the crop 
canopy. Aerial application method was an airplane. Ground sprayer was calibrated to spray 187 L/ha, while the airplane was calibrated 







Table A.4. All disease severity ratings with all common diseases present on specific dates for the AEAF in 2017. Numbers represent 
the number of lesions or patches for each disease present.  









  UC 1.2 1.3 1.0 1.2 1.0 
 24-Aug EL 4.5 4.0 3.7 4.0 2.8 
Disease severity 
 LC 5.5 5.0 4.3 5.2 4.0 
 UC 2.8 1.5 1.3 1.2 1.2 
 13-Sep EL 7.2 4.5 4.0 3.8 3.7 
  LC 7.7 4.8 4.7 4.5 4.7 
  UC 0.0 0.0 0.0 0.0 0.0 
 24-Aug EL 0.3 0.0 0.0 0.0 0.0 
Gray leaf spot 
       
LC 2.7 2.5 1.5 1.5 1.2 
UC 2.2 1.0 0.3 0.3 0.7 
 13-Sep EL 6.8 5.2 5.3 5.0 4.7 
  LC 7.3 5.8 6.7 5.8 7.3 
  UC 1.0 1.2 0.7 0.9 1.0 
Common and 
southern rust 
24-Aug EL 3.8 3.1 2.7 3.0 3.8 
 LC 4.1 3.5 2.8 3.7 4.1 
 UC 2.2 0.9 0.9 1.0 2.2 
13-Sep EL 3.8 2.2 1.8 1.4 3.8 
  LC 4.1 2.4 2.2 2.2 4.1 
x Anthracnose leaf blight was seen at a very low severity in a few plots. 
y Three zones include the upper canopy (UC) which was represented by three leaves above the ear leaf, the ear leaf (EL), and the 







z Traditional application consisted of a ground spraying with a traditional boom spraying down onto the canopy. The undercover 
application method consisted of a traditional ground sprayer equipped with 360 Yield Undercover units that hang down into the crop 








Table A.5. All disease severity ratings with all common diseases present on specific dates for the Kanawha in 2017. Numbers 
represent the number of lesions or patches for each disease present. 









  UC 1.3 1.0 1.2 1.0 1.0 
 23-Aug EL 3.5 3.3 3.0 3.2 2.3 
Disease severity 
 LC 4.3 3.3 3.2 3.7 2.8 
 UC 3.3 2.8 3.0 2.7 2.2 
 6-Sep EL 7.5 6.7 4.2 7.3 2.8 
  LC 7.5 6.3 4.5 5.7 4.3 
  UC 0.0 0.0 0.0 0.0 0.0 
 23-Aug EL 0.2 0.2 0.0 0.2 0.0 
Gray leaf spot 
 LC 0.8 0.7 0.0 0.3 0.2 
 UC 0.2 0.0 0.2 0.2 0.0 
 6-Sep EL 3.3 3.8 2.3 3.7 2.3 
  LC 3.8 3.2 2.7 2.8 2.2 
  UC 2.7 1.8 1.8 2.2 1.8 
Common and 
southern rust 
23-Aug EL 6.7 5.3 5.0 5.8 4.8 
 LC 6.7 4.3 5.0 6.2 5.2 
 UC 4.8 4.0 4.0 4.0 3.3 
6-Sep EL 11.3 11.2 5.3 11.0 3.2 
  LC 10.5 8.5 7.0 7.3 6.2 
  UC 0.0 0.0 0.0 0.0 0.0 
 23-Aug EL 0.2 0.2 0.2 0.0 0.0 
Eyespot 
 LC 0.8 0.3 0.3 0.8 0.3 
 UC 0.8 0.5 0.3 0.5 0.3 







  LC 0.3 0.7 0.5 0.5 0.7 
 
y Three zones include the upper canopy (UC) which was represented by three leaves above the ear leaf, the ear leaf (EL), and the lower 
canopy (LC) which was represented by 2 leaves below the ear leaf.  
z Traditional application consisted of a ground spraying with a traditional boom spraying down onto the canopy. The undercover 
application method consisted of a traditional ground sprayer equipped with 360 Yield Undercover units that hang down into the crop 








Table A.6. All disease severity ratings with all common diseases present on specific dates for Sutherland in 2017. Numbers represent 
the number of lesions or patches for each disease present. 









  UC 5.0 5.0 5.0 5.0 5.0 
 10-Aug EL 5.0 5.0 5.0 5.0 5.0 
  LC 5.0 5.0 5.0 5.0 5.0 
  UC 1.0 1.0 1.0 1.2 1.0 
Disease   
severity  
23-Aug EL 2.5 2.3 2.0 2.5 1.8 
 LC 3.3 3.3 3.0 3.5 2.7 
 UC 2.8 1.8 1.8 2.3 1.7 
6-Sep EL 7.0 5.2 4.5 4.8 2.0 
  LC 7.3 5.5 4.8 4.7 3.2 
  UC 3.3 1.5 1.8 1.8 1.8 
 20-Sep EL 7.2 3.2 4.0 3.3 2.5 
  LC . . . . . 
  UC . . . . . 
 10-Aug EL . . . . . 
  LC . . . . . 
  UC 0.0 0.2 0.0 0.2 0.0 
 
Gray leaf       
spot 
23-Aug EL 1.2 0.8 0.8 1.0 0.7 
 LC 1.3 1.7 1.7 1.0 2.0 
 UC 1.2 0.8 0.5 1.3 0.7 
6-Sep EL 7.2 5.3 4.0 5.0 2.5 
  LC 7.2 6.5 5.7 5.8 4.0 
  UC 0.5 0.0 0.0 0.2 0.0 
 20-Sep EL 6.5 4.0 3.7 4.0 2.2 







  UC . . . . . 
 10-Aug EL . . . . . 
  LC . . . . . 
  UC 0.8 0.7 0.7 0.8 0.5 
 23-Aug EL 2.5 2.3 1.5 2.5 1.8 
Common and 
southern rust 
 LC 3.3 3.0 2.7 3.4 2.3 
 UC 2.1 1.3 1.2 1.2 1.4 
 6-Sep EL 2.4 1.9 1.6 1.5 0.9 
  LC 3.0 2.3 1.8 2.8 1.5 
  UC 3.3 1.5 1.8 1.8 1.5 
 20-Sep EL 2.8 1.8 2.3 1.6 1.4 
  LC . . . . . 
 
y Three zones include the upper canopy (UC) which was represented by three leaves above the ear leaf, the ear leaf (EL), and the 
lower canopy (LC) which was represented by 2 leaves below the ear leaf. 
z Traditional application consisted of a ground spraying with a traditional boom spraying down onto the canopy. The undercover 
application method consisted of a traditional ground sprayer equipped with 360 Yield Undercover units that hang down into the crop 










Table A.8. All disease severity ratings with all common diseases present on specific dates for Kanawha in 2018. Numbers represent 
the number of lesions or patches for each disease present. 









  UC 2.0 2.2 0.8 1.4 2.1 
 27-Aug EL 5.4 4.9 3.7 4.5 4.7 
Disease 
severity 
 LC 11.2 9.3 7.9 11.3 9.3 
 UC 7.6 5.5 1.9 6.3 6.5 
 7-Sep EL 13.5 9.2 9.1 13.4 12.8 
  LC 27.7 24.2 30.9 19.4 27.9 
  UC 0.2 0.1 0.0 0.0 0.0 
 
27-Aug EL 1.8 1.9 0.3 0.8 1.4 
 LC 4.6 5.2 1.2 2.9 3.6 
 UC 6.8 4.2 0.5 3.5 5.3 
 7-Sep EL 16.0 11.4 7.8 10.3 14.1 
  LC 19.2 19.0 15.0 19.7 28.0 
  UC 0.3 0.3 . . 0.5 




 LC . . . . . 
 UC 0.3 . 0.7 0.4 . 
 7-Sep EL . . . 0.7 0.3 
  LC . . . . . 
  UC . . . . . 
 27-Aug EL 3.3 2.9 2.7 2.7 2.9 







 UC 2.8 2.0 1.1 2.4 2.3 
 7-Sep EL 3.1 2.1 2.2 3.4 3.0 
  LC 4.0 3.4 3.9 3.3 3.3 
 
y Three zones include the upper canopy (UC) which was represented by three leaves above the ear leaf, the ear leaf (EL), and the lower 
canopy (LC) which was represented by 2 leaves below the ear leaf. 
z Traditional application consisted of a ground spraying with a traditional boom spraying down onto the canopy. The undercover 
application method consisted of a traditional ground sprayer equipped with 360 Yield Undercover units that hang down into the crop 







Table A.9. All disease severity ratings with all common diseases present on specific dates for Sutherland in 2018. Numbers represent 
the number of lesions or patches for each disease present. 









  UC 5.8 2.3 1.6 1.3 3.4 
 27-Aug EL 6.4 3.1 1.8 2.6 2.1 
Disease severity 
 LC 8.9 6.1 2.8 4.8 3.4 
 UC 11.8 4.9 7.2 5.0 7.7 
 7-Sep EL 21.1 6.5 9.7 5.3 10.0 
  LC 18.1 9.3 12.1 9.5 9.1 
  UC 3.3 1.6 0.3 0.9 0.9 
 27-Aug EL 4.4 2.8 1.3 1.9 0.9 
Gray leaf spot 
 LC 5.6 4.5 2.5 4.5 2.3 
 UC 15.4 5.2 10.3 5.3 10.2 
 7-Sep EL 27.3 9.1 12.4 7.3 11.7 
  LC 20.3 8.9 12.6 8.0 7.8 
  UC 0.4 0.1 0.1 0.1 0.4 
 27-Aug EL 2.0 . 1.0 . . 
Northern corn leaf 
blight 
 LC . . . . . 
 UC 0.9 0.9 0.9 0.7 1.2 
 7-Sep EL 2.5 0.3 0.8 0.3 0.7 
  LC . . . . . 
  UC 3.1 1.1 1.1 0.8 1.8 
 27-Aug EL 2.9 1.4 1.0 1.2 1.2 
Eyespot  
LC 1.9 0.9 0.7 1.2 0.9 









7-Sep EL 2.6 0.9 0.8 0.7 1.5 
 
 LC 1.3 0.9 1.1 0.8 0.5 
y Three zones include the upper canopy (UC) which was represented by three leaves above the ear leaf, the ear leaf (EL), and the 
lower canopy (LC) which was represented by 2 leaves below the ear leaf. 
z Traditional application consisted of a ground spraying with a traditional boom spraying down onto the canopy. The undercover 
application method consisted of a traditional ground sprayer equipped with 360 Yield Undercover units that hang down into the crop 
canopy. For small plots the traditional and undercover sprayers were calibrated to spray 187 L/ha. 
